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ABSTRACT 


Slope instability is one of the major considerations in the 
choice of route location across terrain underlain by permafrost. A 
field reconnaissance has established the state-of-the-art of cut slope 
design, construction and performance in the Western Canadian Arctic and 
Alaska. It is apparent that limited instability of backslope cuts in 
fine grained frozen soils may be encountered in almost all of these 
regions. Emphasis has been placed on establishing the geological history, 
the land form, and the associated soil and ground ice characteristics. 

Flow dominated failures on natural slopes and cut slopes are 
common in regions of permafrost. A means of stabilizing these failures 
is proposed. The method utilizes insulation to control the rate of thaw 
and the generation of excess pore water pressures. A sand/gravel sur- 
Charge load helps to stabilize the slope by increasing the normal effective 
Stress disproportionately to the shearing stress. Design charts are 
provided and recommendations for installation are included. 

Uncontrolled thawing of backslope cuts in fine grained ice 
rich soil generally results in the formation of bimodal flows common to 
periglacial regions. A prerequisite for the development of rational 
methods of control of these features is the establishment of the ener- 
getics of exposed melting permafrost. The theory is developed and ver- 
ified by field experiments and thus provides the basis for controlling 
the rate of thaw of exposed permafrost. 

Recommendations for the design and construction of cut slopes 
in frozen sole are outlined. Some control methods are einge: etme 
incorporate sand/gravel and other types of higher quality insulation in 


a variety of different configurations. 


(iv) 


Digitized by the Internet Archive 
In 2023 with funding from 
University of Alberta Library 


https://archive.org/details/Pufahl1976 


ACKNOWLEDGEMENTS 


The activities and research presented in this thesis 
were carried out under the direction of Dr. N.R. Morgenstern, 
University of Alberta. The author is grateful and indebted 
to him for his Suggestions regarding the topic, for his help 
in interpreting and presenting the data, and especially for 
his seemingly limitless enthusiasm for the research project. 
The help of Dr. Stan Thomson was also warmly received. 

Sincere appreciation is extended to the University of 
Alberta support staff which include Messrs. 0. "Woody" Woods, 
Roy Gitzel, Al Muir, and Don Nordheimer. 

This research project was sponsored by the Department 
of Energy, Mines and Resources, the Defense Research Board, 
and the National Research Council of Canada. The Department 
of Public Works, Government of Can., Northwest Territories 
and the Yukon Territory, the Alaska Department of Highways 
in Fairbanks, and the State Mavervaie Laboratory in College 
Alaska all receive recognition for their suggestions, par- 
ticipation and interest in the project. 

Personal financial assistance from the Transportation 
Development Agency, the Roads and Transportation Association 
of Can., and the North American Life Canadian Council of Pro- 


fessional Engineers was gratefully received. 


Te , 
pu, eee 
4 : a iMt i i 
re ee 
f 
, Moshe aac) tae 
Fhe ; i ~ A ; a 
r A } 
i =a, 7 Bf 


2TWaNG ROT EMOMDR, Se) SCAN 


mireHd 2id4. ni veawseu%G We enn bie ata bob 


nastenepyo oN Let te sor dnante 38% saline ae wot 
HedWebat bre (itsted> 2f OMe eee wena d lhe: 


Sense NOt: VStao? “Sr Pda ified aed babii avd 


Har NE TehSGze ENS BT Tb oa en? ' ap HER “4 Rem piv 
etONd doveeken of) vO) er eadais ving (evant | 
hevirasay yh” whb ee eee, We ee eT. Nae! oe ai. iy 


tt ‘ pang ; SF OSG ahaa web it an sroehnal & v2 
ehoow.’ ¥000N 00 ere ea] abies An Wear Bi. 4M ‘ene Yonge 
5 te oer DY ih bis 5 | ypu rhs 
enemeteuat. ace VA hen 12,260 faye so yy ae 
oR ean’ W's be $0 Eee ts sa ‘CON eet hn aut aX 
diamiieds shy ° .ehed sn +: ur a sash AD! one oamy Cent bee 
egtratin det tehwa Sow . a: i) hy Feat eae: spank 
» eyrerr eT ae 18 gh ih BO We leet a wae (wou Masi ke 
wes F109 11 juouebeae: sterregan a4ave oily bith | 
“TE (ehdibespaue ears OF tae ‘NHIjs7 ebb gag! 
hg. . ee gah ele Le ee ae rancid be iM 
| NOW I HILT EMEP ont HO SMe eheas pata lt | 
| Hof istooess net Lat reqeteaT his rheol ait , woaaen 0 
Ae to OVA: Tm, ene med bane eth Wea tent dvruit ans. al 
: TO ee ee ae sbaybanes ef futeredy euie ia oles 
a Dae ¥ it a. i — a} Karte 


In addition the author wishes to acknowledge the support 
and encouragement offered by wife, Idoline Ann, during the 
first year and a half in Edmonton. Sincere apologies are 
extended to her for any economic, social or emotional de- 
privation that may have resulted from this undertaking. 

Finally, the unflaging interest and help from Mr. Bill 
Roggensack during those endless miles of dust and rain and 
gravel will always be remembered. His editorial assistance 
was invaluable and the personal friendship and support pro- 
vided by him and his wife, Muriel, made the completion of 


this thesis possible. 


(vi) 


Oe Ta ai © 
insagee sit oposTwoios oF 238 2 iy, Ae ‘vidi 


nF 7 
ahd: pahaab: AAA: sh PAs ue ft a a bayerth | Hee } 
& 


i - eal 
6 #8 rae | 248 sVannhe Lowe 0B) at Tak 6 ais t6 


aS iron oe ais ne} ‘lod 


of 

wine et toeey, avon 19m run 1 
ia) eM nent ghar’ bes ¢ Seam colada ae t 
‘ tf j i" "y } 


Wine, he ae 2 


Ws ad ‘aa 
; : i. Pasha ry BV th gt OAR 9 
vot fatymos: st? abew Vist aL aabee, ait an 
vail ltt 
i 
~My 
a . 
f 
| | ™ 
oJ; 
, 
: rah 
: ; 
4 
i - i 7 
a 
. i 
a > or 
y 7 : 
, 


TABLE OF CONTENTS 


Release Form 
Title Page 
Approval Sheet 
Abstract 
Acknowledgements 
Table of Contents 
List of Tables 


List of Figures 


CHAPTER I INTRODUCTION 
1.1 General 


1.2 Scope of Thesis 


CHAPTER II BEHAVIOR OF EXISTING CUTS IN PERMAFROST 

2.1 Objectives 

2.2 Route 

2.3 Alaska Highway [Mile 222 (from Dawson Creek, 
B.C.) 57958'N latitude; 122°46' W 
longitude ] 
2.3.1 Summary 

2.4 Dempster Highway 
2.4.1 Location and Background 
2.4.2 Mile 0 - Mile 80 
2.4.3 Mile 80 - Mile 154 
2.4.4 Mile 154 - Mile 178 


2.4.5 Fort McPherson to Arctic Red River 
Mile 330 to Mile 365 


2.4.6 Mile 178 - Mile 330 


(vii ) 


Page 


XV 


XVI 


od 64 


- 


4595 Nc WE 


7 : mi a a Yaa 7 


Thy 
‘ 


WOTTZOOHTME 
Retone® 10 


etait % ghos? Ss. is 


POR WMAaY Vi 


saviTeaidys 5 


WW 


eiehee Le 4 | 
yoeatntit ‘Yer eiond *G 


viniondlibeg' baal Wises TF ARS 
0a af ht - oth aitak 

say oe OB shit E oe 

St ott ~ ter anit FRE 


ravi ibe Rea ee 


Pg shin te OF nie ae — 


Daeane ‘attietia 10 Pn 4 


CHAPTER III 


CHAPTER IV 


(Spas 


2.0 


cal 


Mackenzie Highway (Inuvik to Arctic 
Red River) 


Alaska Reconnaissance 
2.6.1 General 

2.6.2 TAPS Haul Road 
2.6.3 Copper Rae Basin 


Conclusions 


STABILIZATION OF PLANAR LANDSLIDES IN PERMA- 
FROST 


a1 
22 
33 


QO WwW WW WwW 
~N 


4.1 
4.2 


Introduction 
Thaw Consolidation Pore Water Pressures 


Stability Analysis of Infinite Thaw- 
ing Slopes 


Numerical Procedure for Design 
Design Charts 

Example Problem 

Recommendations for Installation 
Long term Performance 


Choice of Insulation 


THE ENERGY BALANCE 


Basic Concepts 


Radiative Components on a Horizontal 
Surface © 


4.2.1 General 


4.2.2 Direct Beam Clear Sky Solar 
Radiation 


4.2.3 Diffuse Clear Sky Radiation 


(viii) 


Page 


eee aS 
LD ta 


a) Sf taKA: OF a rit Shalt 
es : te Bae re ‘oe on) 1 
‘ 7 ak an 
, annie Fences Aen ios 
fT esenbiy ce: ee 

a5 HseR) lat BRAT | <4 
Leebh TeV TR, 408 Hou Bidet eee ms cs nk 
‘ena out goat: ve : ion 

UX 

AMMA gO /S0mni Aae his 10 YO EAN ii ae 
| | An tale i 
| i At, aan <r 
: . no tnoniorod a: Bir 
ay eat) Tou pro! Heald f Jubirie Sila swith ee 


ight tit thy 70 tet itt ve tides 2: ‘oaeae 
i # 2nd ie wnt 7 ine ans o 


great ree “apesgon® fost ny Fi 
ab eis tae ey | “eta. ast ee). 


ce > wobsheh azaar Ones shabstsiemaioh 9, 

nae sulle wid ait 
ag i bales bebatas eee ae 
p | sOMCAG vnaNG oa we 
8 | ie “ehie tho a} ant cee ines 
ry prance sod » ne «shinies oa Y 


Ex wok he. teeth 


a “ne isda sei 488 


4.2.4 


4.2.5 


4.2.6 


4.2.7 


4.2.8 


4.2.9 


The Effect of Clouds 
Summary of Short Wave Radiation 


Short Wave Radiation Reflected by 
the Surface of the Earth 


Net Short Wave Radiation 


Longwave Radiation Emitted by 
The Ground Surface 


Longwave Radiation From the Atmos- 
phere to the Ground 


4.2.10 Net Longwave Radiation 


4.3 Radiative Components on a Sloping Sur- 


face 


4, 


> FSP LFS +L 


ae 
<e 


ce 


> Ww Pr 


General 
Direct Beam Radiation 
Diffuse Radiation 


Short Wave Component Reflected to 
the Surface by Surrounding Surfaces 


Short Wave Component of Radiation 
Reflected by the Surface 


Downward Longwave Component of 
Radiation Falling on the Slope 


Downward Longwave Component Reflected 
to the Surface by Surrounding Sur- 
faces 


Upward Component of Long Wave Rad- 
jation Reflected onto the Slope 
by Surrounding Surfaces 


Long wave Radiation Emitted by 
the Surface 


10 Summary of Components 


4.4 Turbulent Transfer Processes 


4.5 Evaporation and Condensation 


( ix) 


Page 


79 
83 
83 


84 
86 


88 


93 
98 


98 
9S 


103 
106 


108 


109 


110 


110 


111 


111 
114 
114 


ihe) ai Ss Ae ee 
; 7 mo ae eee a UT a4 
4 ‘ ch Sl i i Guy 
7 a is 7 
. ee) ee i 
“a : aif at | a ti 
Ay r hh 
Ms 
eae \ i = 
apie | | 


pt abo ta spats aff Te 
| oa nny ri bah SV ah one he ome? 43 o 


ata he Gi 6. ees AY none eT aH eau ioe ‘es c ie 
‘ Aye pat #0 pf Fo 


ye ae Dit 64 ay em iia Ah {.Su@ 


-* 


Te a. es tS ys): ee 1B) sig ayeunine. A 
: A es £0 Dstt wiv 


HE e2otA) oA. bee nOnPey Gee rian | oom 
Hai ioge 28 St aaah 


. j notrar ben vvéilpaigu 7 a bai i 
Bt | we pntgete & He “sat ev bd aebat & 
. abe? 

| Ye tarion f ae | 
: nor ibee 108 igabrdg 9.6.1 
(i) nots mise sbaneies van 


ap} ‘oP hatzel Tea Asmeame adil wrt a a 
eI ye sal Nd Bie Seta ial 


BON norsath wl Ap gash boro signe * ie aah 
uvter® Fos me a ie “ 


+h 1 af ; 
eo} ST NSnOQaoy. Berumds br awniell aN ae 
| ; atof? one no pitts a i ae 


oP ‘so yl’ boro ray ah tifolnty cowed! Bit whe Sets | 
Wo) SoS el “He ONT enya rie sd ahahiad oid Ore 
a i By ‘ar P ; asani 


oe . OT “bihH Sv.5\ pay e3 Aoteow St gia ‘e's 
rey 8 sit 3ehibe 


aqoid aapoN vat HOT rAy 
vos tye nt ear 4 


vd Patt tw) “PAM ay cis ete. 


| Ennis Ss eg 6A. ae 
po Riese! Psacphaneiale 


CHAPTER V 


Page 


4.6 Sensible Heat Transfer 120 
4.7 Energy Transfer Due to Precipitation 126 
4.8 Soil Heat Transfer 127 
4.9 Summary of Heat Balance 128 
HEAT FLUX MEASUREMENTS AT THE HEAD SCARP [ree 
5.1 Introduction 129 
5.2 Site Location and Description 129 
5.3 Ablation Rates 142 

5.3.1 Measurement Techniques 142 

5.3.2 Magnitude and Heat Requirements 144 
5.4 Radiation Balance Tal 

5.4.1 Short Wave Radiation 15] 

5.4.2 Net Short Wave Radiation 152 

5.4.3 Net Long Wave Radiation | 152 

5.4.4 Net All wave Radiation 156 
5.5 Radiation Field Instrumentation 156 
5.6 Data Acquisition System 17 
5.7 Measured Total Short Wave Radiation 162 
5.8 Measured Net Radiation 16 
5.9 Latent Heat Transfer 173 
5.10 Evaporation Quantities 185 
5.11 Sensible Heat Transfer 187 
5.12 Ablation and the Heat Balance 189 


(fx) 


Pu 


’ f 
Tas Tac 


ct | vetengat Ho wee aa 


WOCTG qian OF nid “soba eet Gea 
| a aust ei free aa 


ort Bi ste we vrei? RA 


ASH SL Aa ria Neha ‘éti, oe | 
| notyowhen tod te 
1S hott tno "bootie Nera es. ante’ Sit, 


f Berea orgeteh £2 


ey soa | 6 aeltbeh hia 
oits7beaveulete pnd Takis 

Sei arte ibis aviw og 4 one ‘dal 4 ay Bie Bins 

A iad Mite + DVB | pd a aie 
aad 7 | noitetted ‘ava, ch. tol b: £. a 
acl MORPHS NSLK gi bist? naire é: 28 7 
ad “lay idtate nai yabspeR: apo Vaya) 7). 
<A No? z6chen sve tigué: beat lens ta us 
wb | eee Rte ‘al 
ae ie et apeT Hee Seta” Bie, 
nt a ania Paap nol tenngays Ot. & 
era nate ‘yee sidtanad tie 


3 adab ins seat Gg ‘ii nskieiga. atee | 


CHAPTER VI CONTROL OF THAWING IN EXPOSED PERMAFROST 


6.1 Head Scarp Geometry of Bimodal Flows 


6.2 Basis for Control 


6.3 Suggested Methods of Control 


6.4 Recommended Practice for Cut Slope 


Design 


6.4.1 
6.4.2 


Self Healing Cut Slopes 
Non Self-Healing Cut Slopes 


CHAPTER VII CONCLUDING REMARKS 


LIST OF REFERENCES 


APPENDIX A DETAILS OF FIELD RECONNAISSANCE 


A.1 Alaska Highway (Mile 222 (from Dawson 


Creek, 


B.C.) 57°58N Latitude; 122946'W 


Longitude) 


peli 
A.1.2 
A.1.3 
A.1.4 
Ao1.5 
A.1.6 


Phys iography 

Climate 

Permafrost 

Bedrock Geology 

Surficial Geology 

Highway Details (Mile 222) 


A.2 Dempster Highway 


Piss 


Ax2o2 
A. 2.3 
A.2.4 
Ais Ze 


Dempster Highway (Mile 0 to 
Mile 80) 


Climate 
Permafrost 
Bedrock Geology 


Surficial Geology 


(xi) 


Page 


205 
205 
206 
209 
214 


214 
oe), 


222 


227 


236 


236 


236 
236 
236 
237 
237 
238 
238 
239 


(239 
240 
240 
240 


iF ennaAnas f cag) orig ce “onnmt * aontwaa ay 


oy 


ott rehouta: te 


* 
Us 


iene oma beat 18 
‘Wore aod aya dteag £2 


feist he zboitton paveaiont 0 


46 10) 40h. Soros ebrinmran ref ‘8 
: no) goo 
t 
fe icy f } ye VP) eed Lae AGH i Bie 
Taran. oi ah CHD. 
TOuAR2 (AMOS: GIST TWO ELT NDE: 
Wid) EE eee his Lae senth [A 
ae tela wees 02 ee Pam 
| an Al) 
wanes ee 
agit ae | 
feovctnanat Galas 
‘cut? He) Jaayben ie fae 
Ween jet iehage fi, Q 
($s att) aba ar Bi f RK, : 


“ew as ee $A © 
0 ata) cau ae fA 


ee 


nonaaa 1 Te 


PS Az3 


A.4 


A.5 


A.2.6 Highway Details 

Dempster Highway (Mile 80 to Mile 154) 
A.3.1 Physiography 

A.3.2 Climate 

A.3.3 Permafrost 

A.3.4 Bedrock Geology 

A.3.5 Surficial Geology 

A.3.6 Highway Details 


A.3.6.1 Highway Details (Mile 
80 - Mile 96) 


A.3.6.2 Highway Details (Mile 
96 to Mile 123) 


A.3.6.3 Highway Details 
(Mile 114) 


A.3.6.4 Highway Details 
(Mile 120.7) 


A.3.6.5 Highway Details 
(Mile 123 to Mile 154) 


A.3.7 Summary 

Dempster Highway (Mile 154 to Mile 178) 
A.4.1 Physiography 

A.4.2 Climate 

A.4.3 Permafrost 

A.4.4 Bedrock Geology 

A.4.5 Surficial Geology 

Highway Details 

A.5.1 Highway Details (Mile 168) 
A.5.2 Highway Details (Mile 175) 


A.5.3 Summary 


(X17) 


Page 


240 
24] 
241 
242 
242 
242 
242 
243 
243 


243 


244 


244 


244 


245 
245 
245 
246 
246 
246 
246 
247 
247 
247 
248 


= 
vs 


a 
oA 


2.2. 82S 


q * 
+ PA 
7 
a 
i 


A] isan: ‘betas Bi aA 


res) 


Wear aft) rat weet 
(ar 1% ee ; 


ria 


heat vill ve 
a isle : 


ee 


Wow ie gi) “yaned ad 
get ey cm 


grentig se. A, 
iy 
mu: aan E. f i: 


Si Lo joorbel, he ‘eh A: 


ny 


my: ‘ 
‘usd ole enie Ee 


ee 
4 aw hf 3. on 


ap ral eee Nee, eS i 
att ew TPE eee A 


hy eee See | ee pe et ey ae ee 
TF | & V3 with 4 apOveus 


ahd Hae: 


oie f ? Ty aan if A 
2d FSi ewe ty a ae 


CAAT StTa hea Ney ' 


MSE Sri, 


ld tad ron is Pa 


Literacy aria : 


rib! Sg 
+ Dat atiMy vouiutl: ni.covall 


ieee ee ThA 


est, Sikelt 
nate 


isting ¢ eal BAA 
techie nee 0.4 


| ehtetea eenlay 
aa, 


es 


A.6 Dempster Highway (Fort McPherson to 
Arctic Red River, Mile 330.to Mile 365) 


A.7 


A.8 


A.9 


A.6.1 
heo.2 
A.6.3 
A.6.4 
A.6.5 
A.6.6 


Phys iography 
Climate 
Permafrost 
Bedrock Geology 
Surficial Geology 


Highway Details 


Dempster Highway (Mile 178 to Mile 330) 


Rall 
A.7. 


ine) 


AT. 


3 
A.7.4 
A.7.5 

6 


Wels 
A.7. 


™~N 


Phys iography 
Climate | 
Permafrost 
Bedrock Geology 
Surficial Geology 
Observations 


Summary 


Mackenzie Highway (Inuvik to Arctic Red 


River) 


Alaska Reconnaissance 


A.9.1 
A.9.2 
As923 
A.9.4 
A925 
A.9..6 
A.9.7 


General 

Phys iography 

Climate 

Permafrost and Vegetation 
Bedrock Geology 

Surficial Geology 

Highway Details 


A.9.7.1 Highway Details (Mile 14) 


(xideis) 


Page 
249 


249 
249 
249 
249 
249 
250 
Zo 
251 
251 
2511 
251 
25c 
252 
Zoe 
209 


253 
203 
254 
ao} 
(Baye 
259 
256 
256 
256 


A, = 7 a i 
, lie >? = = ' a =~, ae tied 4) i 
tm, +. 2 Gey Lee 
. a i 4 ; a a A 
, ie 4 ; 
/ Wi 
i a i 


‘| path oT ; 
. bas et oon TeN’ ‘sal i eaeaaaa: ah 
| (tae ait ote 0h shih vray # Der Baal rat 
BAM | 7 a daervotaatt at ®: a 
eas “ | | enantio, ew 
Ohs | serveur ae 


a \ as Ypo! noe) , eyort ai bak 


~, 


pot oat La eammMe: - as8.A 
03! oh teaed ‘ome Wy Bath 
[és {OEE at eM oF BV. ary venleh ned agann TA 
: eriqesiQor aed j ch 
| pena? 12) SFA 
85 4 eh all ENR 
eae hols aSarped Bul af, 
Shon fe youd ree tetany Saha 
Ses } 4 nat Seveaed® Stk 
| iat 8.5 
ee bof ardanee 2 vig) or ye oo 


res i | pe pons? nn want b. | 
| eens <7. exh 
huorneeagt eae. 
‘atamPta. $2) 
norrstaper oe 320 tape 
iigatoat Paodbaa « Bk 
* pareseenntaeeme tea 
> df ha ee ee 


i) 
+ Le ' - i ce 


ms of a tat ici ih PA a. 


APPENDIX B 


APPENDIX C 


Page 


A.9.7.2 Highway Details (Mile 19.6) 257 


A.9.7.3 Highway Details (Mile ‘ay 
20.3 to Mile 20.5) 
A.9.7.4 Highway Details (Mile 257 
22.9) 
A.9.7.5 Highway Details (Mile 258 
23.4) 
A.9.7.6 Highway Details (Mile 259 
33.0 to Mile 33.4) 
A.9.7.7 Highway Details (Mile 259 
42.8) 
A.9.7.8 Highway Details (Mile 259 
53.5) Hy 
A.9.7.9 Highway Details (Mile 259 
54.4) 
A.9.8 Summary 260 
A.10 Copper River Basin 260 
A.10.1 Physiography 260 
A.10.2 Climate 261 
A.10.3 Permafrost 261 
A.10.4 Bedrock Geology 261 
A.10.5 Surficial Geology 261 
A.10.6 Highway Details 261 
A.11 Conclusions 262 


COMPUTER PROGRAM AND EXAMPLE PROBLEM OF SLOPE Cie 
STABILIZATION TECHNIQUE 


C.1 Computer program to calculate the length 289 
of a shadow cast by an obstruction on 
Sloping ground 


Fs 1S A ee ee ee er SERS ee 


‘ at" 


Oy 


atthe: st) vam 


oa Ve Te 
rites } \ 
aea't} 
f * 
> : GO 
a a" 
, = 
b fete 
im yy 
PtAge 


eh ee ct Hi Pa cca 


Ctek 


H. 
"Oa 08 a | te eh 


; i ; ve oy Py i. ; i. + ' 
| VB aa we + att 


rst Q, hale a 


| ‘csi 8.4 
Me tesa cfg ‘asqae3 id 
Adosetaa fi sl he 
aeharty’ '.f. A. 
lay acs 4k 


‘Npotose: daorbst, #, co 


igotosa rat ysaeaie B00. 


2 hee Cat: Bape 
seston if } a 


APPENDIX D 


Ca2 


Ca3 


D1 


Computer program to compute the direct 
beam and total solar daily radiation on 
a sloping surface from values monitored 
On a horizontal surface 


Procedure for calculating the amount 
of reflected diffuse radiation from one 
surface to another 


Computer program for computing vapor 
pressures, vapor pressure gradients 
and temperature gradients from wet 
and dry bulb temperatures 


Radiation data in Table D-] 


Page 


231 


Ze 


308 
308 


7 ‘= i 
fad iy - - 
ses = is ; 
: xO i 
x 
t 
- 7 a! 
a 
a if, x 
{ 
, 4 
f ~ 
~ 
ga Y 
eu 4 


res a tap Li Sti “4 Si TLR Be BP) Pie retain’ "yohxattea) ; $9 ; 
wo aot tethey \ ohab aioe tele” Rie aes 
bos ring gail av MON? 29 Rt tRe meme ss 
ie Les ee On 6 ae 
Soe tiwag Bad ont Oa G7 Ses Cares 
SA HATE ROTTS | oii? ths Pedersen Te 
Sit CB CF ee yah Pipe 
: 
+f 
f 
eta ct ie ey OV Uke toG., 
if y f ; Tay \y Ly aed wee re} 


f. alder ontt Brio nthe pen 


a) ] & } 
"4 ¥. 
j 
1 b 
: f 
nF F 
3, 
% 7 
- J j 7 fi 
5 - . 
- 4 
: : 
7 ; ras 
ns : 
, 7 { 
a 
i ‘i om 
J ’ 
- i = 
, 


> FS FS + 
ine) 


LIST OF TABLES 


Summary of Soil Data 
Summary of Cuts 


Physical and Thermal Properties of Various Insulating 
Methods 


Soil, Insulation and Climate Information for Example 
Problem 


Thaw Depth and Insulation and Surcharge Requirements 
for Example Problem 


Comparison of Factors of Safety by Different Methods 
of Computation 


Albedo of Various Surfaces 


Infrared Emissivities 


Air Temperature, Relative Humidity, and Vapour Pressure 


Snow Melt Due to Sensible & Convective Heat Transfer 


and Bowen's Ratio (After U.S. Army Corps of Eng., 1956) 


Summary of Soil Data at Fort Simpson Landslide 

Short Wave Radiation Quantities for Slopes at Differ- 
ent Orientations and Inclinations for Fort Simpson 
Region 


Net Longwave Radiation for Different Slopes Computed 
from Equation 4.53 


Net Radiation for Slopes at Different Orientations 
and Inclinations for Fort Simpson Region 


Daily and Accumulated Total Radiation on a Horizontal 
Surface at the Fort Simpson Test Site 


Net Radiation at the Fort Simpson Test Site 


Comparison of Predicted Values and Measured Values 
of Net Radiation 


Lysimetric Data 


Radiation Data (Fort Simpson Test Site) 


(xvi) 


Page 


48 
5] 


52 


85 
87 
118 
124 


139 
195 
197(a) 
198 
200 


201 
203 


204 


ea 


C\shr4 
ve *) 


abditten Jrievstta id: Vee asa 1 aii 


‘ 1 ‘ : a 
W2eo TS OEY, hits AN ‘4 atin os basta er suey! we a 
2 
ist enetT dash ca ae aN; api ry Linh posit ae ad ait one unl 


4 a hey rae! ts ur 
221887, NO: TERT 


o_o 


Bia Fhe? Yo cram 
Ny ita 4 © oma 


hy mn ‘| 


Mack Mimo! ots 1ati stemnt ce ae +e t's 4 {102 
} ee ut ria fd 


ab hat: bing Licata ua ete ae 


A of tect inepm9 his | 
Ae agai ie ei id *Hy ‘obad ia 


ty ie . 


ats tai asied vont 


: Lon tn eenton, Nie ; os rote mien: 2 ( ‘ wo 
sh it chapek seit Cs eo 6% si rho i oa ie 
NC cn 0 nai ‘pte as cua em 


af ; 
rv ie Yat ay Shed iia ‘bas: one Bilas" és 2 x 


Fl 


noha ea aon ath svigteh70°4h, pon hn | he 
[ay “HOt ae, qo al piroe eT: zig 8 mi 


istnosPyolls Ag Wot: Peal tated pits 
ante sare Fast noctes oh 


“one ge07 nani? rio oi 56 Pe 


. _ ees 
gst eW byviueest bins asus boxathewe to 
Ty eee - i pit TphOR ; mi 
Se ah e af ; os 
“4 Wy ) a tien 


me re 7 


= i i 


Oo Ww 


sa) 
ae 


14 
5 


ELST OF RIGURES 


Transportation Facilities - 1972 Northwestern Canada 
Permafrost in Canada (After Brown, 1967) 


Location of the Dempster Highway, Dawson City, Yukon 
Territory to Arctic Red River, N.W.T. 


Physiographic Regions of the Yukon Territory 


Location of Mile 90 to Mile 180 of the Dempster 
Highway 


TAPS Haul Road; Livengood to the Yukon River Alaska 


Thaw Depth vs Time and Thaw peel vs ¥ Time for an 
Insulated Thawing Slope 


Pore Pressure at the Thaw Front of a Thawing Infin- 
ite Slope 


Balance of Forces on a Thawing Infinite Slope 


Pore Pressure Factor (R ) for Different Thaw Consol- 
idation Ratios (R) After Morgenstern & Nixon (1971) 


Pore Pressure Factor (R'') for Different Thaw Consol- 
idation Ratios (R) After Morgenstern & Nixon (1971) 


Design Chart for Stabilization of Planar Landslides 

Design Charts for Stabilization of Planar Landslides 
Design Charts for Stabilization of Planar Landslides 
Design Charts for Stabilization of Planar Landslides 
Design Charts for Stabilization of Planar Landslides 
Design Charts for Stabilization of Planar Landslides 
Design Charts for Stabilization of Planar Landslides 
Design Charts for Stabilization of Planar Landslides 
Design Charts for Stabilization of Planar Landslides 
Design Charts for Stabilization of Planar Landslides 


Design Charts for Stabilization of Planar Landslides 


(xvii ) 


Page 


£ eG 


cuties mar >ownryar SURE aatshhi Tiapeecuntt 
af Cowen a’ oat Ry seen 1 Feo teane 


f iti yy rn M, ’ went re wre he Todzcepe ey) on ee 
| PM y CO ee oe oy oy, 2 guste 


a ‘ Diet a 4 of ny 
Oy 1 a Fes vas LaSHD ; idequinyangt 


of PoP 02S] it to Woes 


n i A 1 : eee v 
- 4 a , i 7 ae i ey a Fa ro i e a os 
“tee AGT See Senay ahi hd FORM haar : 


2 At oe MOV, at T Nos te eto asitl? | gy Be sin 7 av ts) i 
oh ey AO e anime hare went ; 

nth: pats iT 's 9 sats sibel ont ts sizer ang, a 

amet at ih 7 

aie oe x 

BS, BOTS ETE wes CLI ERIE 16 6 AT) nade to cms 


My 


4 


Op efhednld wernt sae rath Be keh a my (baie ne we 
CTL) er Aes ena rth ‘id AB} Otsai er a 


; abi ¥ 5 OT “angnahiag 1O% tig a) lvepant: sayeaent: Pay 
CIRO. pagel ai eS aN hal uu cuba ae a ial mn 


eit} zberet Pat (P% taba ds a rhb ot ainda oy trad ’ 


ee ae paket uot vanet" * net pst idee: a? eye | 
Ps ’ Py pas, 
mic asd cTeRupS 4: ere 7 ngtas Sif idee 1h aot ath: 
, id sachet bis ant Pb. Aten Priengé: neh arailh 
esoe fetnes varia, te aberegh fiat? ig aati 
zen T-hetvied: “6ou08 7 nora Fasng a0% eva: 
zebTizbniea ven ts brie HP Rdag2 402 vm 
eatitzbani cont to wottaxth dete net 
‘gent iipaas wai se) moines tthaawe on 
appt ietnn erst #6, Bie oF 


ie “galt heb ates Tg: -* 
a re ag 


Figure 


gel? 
4.1 


4.2 
4.3 


4.4 


Sé2 


Design Charts for Stabilization of Planar Landslides 


Monochromatic Emissive Power for Several Temp- 
eratures vs Wavelength (After Wiebelt (1966) ) 


Atmospheric Transmission Chart (After Kimball 1928) 


Extraterrestrial Daily Radiation Received on a Hor- 
izontal Surface (After Lui and Jordan, 1960) 


The Ratio of the Monthly Ave. Daily Diffuse Rad- 
jation to the Monthly Ave. Daily Total Radiation 
as a Function the Cloudiness Index K (After Lui 
& Jordan, 1960) 


Ratio of Direct to Diffuse Radiation Received at 
the Ground Surface (%) After London (1957) 


Saturated Vapour Pressure vs Temperature 


Convection Melt (computed) (After U.S. Army Corps 
of Eng., 1956) 3 


Condensation Melt (computed) (After U.S. Army 
Corps of Eng., 1956) 


Aerial View of Fort Simpson Landslide 


Bank Profile of Mackenzie River innecdatss East 
of Fort Simpson Landslide 


Plan View of Fort Simpson Landslide 
Description of Sediments of Fort Simpson Landslide 


Aerial View of East Flank of Fort Simpson Land- 
slide 


Plan View and Instrumentation of Heads carp of 
Bimodal Flow at Fort Simpson Landslide 


View of Headscarp (July 1974) 

Mudflow at the Base of the Headscarp 
Soil Profile Zone 1, 2 & 3 (Oct. 1973) 
Soil in Zone 3 

Frozen Core Removed From Zone 4 


Schematic Arrangement of Ablation Measmrement 
Technique 


Page 


69 
72 


78 
80 


80 


8] 


117 
T23 


123 


130 
13] 


133 
133(a) 
134 


136 


137 
137 
14] 
141 
141 
143 


at aay 
1) 8 it - vy - 
¢ 1 ea 2 rae > be : , er ae 
ee ; ib CCE 2 Lee) Sarr Oe aa 
ie ae ; Se gs 7 - ue i 
eal . 
bi . ash ? Hraatas PAR net A a may f ite 7 if ded 2 at aire ‘ hy ‘: , 
: i . ee ne ee , AL ee Oe: 
f , : 5 J a ie a i a ry 7 
er aT. Lave 3 2 ont Gy rauim TT EMT 
we i wy ‘ re ae ead *) ee 
(ART of isteach Naa te, Bi i et 


‘si Ge va bat taag ies d bat taal “i a i 
COARBT: 1 ie be hax ba P etthh ane ye 


a oh 
Ri } 
et 
1 | aaa 


68 a 35 ri | ae, BO hg uh wr erty af wo ae ‘ 
He ernenibadt | aah Wainy i 
1 ee fet zantenie 4 is sou ae 


(0 ans. ri adil Fs 


vig. fee f deeen a2 Hee “ty re renee * otek” 
(Oh. besa 4 ann G {28h ne a al, ot 
Mon ae sulle as goa BY arom 


BAVC WNTMIA call Vat OA fg tiki) y tha mtiaam 
. wa Pty eee ne oe a 


“ahs 


t ' | 
t Pia 


voi och tA), (Gatien nah Hom ‘no heanhe 


Cages Nad wns vo om "Th 
sf | SW 


shh gbjae Woe bey * wea a ‘( ra 


$283 (rese Hoaaae naire Sangin +0 santo ano 
ob iL ans 4 eeanhe ch a} = 


Lbi-yna Qa ais ae 2 


va) GE I spt tetris nae Aci 2 7 1 aR Qo | Fl i, (eit 


Ne “bias Nh9tynte TAMA: a sata feta as ai 


Ae 


a Ne aba tatt abhi 7 ea agp 
| ee TRG Mt) natal to 

rare slid art te. teal ant’ ge ta 7 
(exer ub) £ RS oF aivak: ae oy : 


a 


o gna a Soni wri 
Sere saat 


ki 


7 _ = _ id 
ak oe 


ees 


it 
ae 
a 
= 
<2 
= 


4 


a 


blz Ablation Measurement Technique 145 
ooo Accumulated Ablation at Sta. 1 145 
5.14 Accumulated Ablation at Sta. 2 | 146 
a2 15 Accumulated Ablation at Sta. 3 146 
o216 Accumulated Ablation at Sta. 4 147 
Dans Accumulated Ablation at Sta. 5 147 
9:18 Accumulated Ablation at Sta. 6 148 
5.19 Water Content vs. Relative Frequency Curve 148 
5.20 Cos A vs. Time for a Sloping Surface 13 
ool Cos A vs. Time for a Horizontal Surface 153 
Bee Net Radiometer (Fritchen Model ) 158 
23 Net Radiometers Around Headscarp 158 
5.24 Typical Variation of Radiation Intensity with 160 
_ Time 
0:20 Schematic Sketch of Radiation Instrumentation 165 
5.20 Data Acquisition System 165 
B27 Total Shortwave Radiation on a Horizontal Sur- 165 


face for the Period of Observation 


Buco Net Radiation for the Period of Observation 167 


(Stazialt) 

5.29 Net Radiation for the Period of Observation 168 
(Staw-2) 

5.30 Net Radiation for the Period of Observation 169 
(Sta. 3) 

oar a | Net Radiation for the Period of Observation 170 
(Sta. 4) 

Bice Net Radiation on a Horizontal Surface for the iva 
Period of Observation (Sta. 5) 

oes 3 Accumulated Net Radiation for the Period of 172 
Observation 


=e A 


“soohutast sane noi 


Aor estan 


narher isa $0) baie ill ash naisetis 
Hatie per yin ts | boisg4, oii? a nat ) 
nolt ayrsede +o reali at vot ialaci 


stsah-eeh 0 ere ree sha, 


PYF Sh) SUN are ah J ay ‘gnaande Raa 


(evebeas cpatint msitiie! ‘lh * 


: ty i : el ys mt aH ba ve iy | 


sor twa! inh 1 oaawe 3G patos: rt 


Teg post HOH ft ee soy by aint 


hut FovIg Fait! 


‘ 
Ly 
, Aity i 
h os od | cae a, 
eae 
a wi, u , 


7) en Loy tie, 


be ae 2 A ee 


t /ese +5 ist) ) tee: 


ette oee fe fia oso wa 
; aoe te t 


a ine? Me ie te wonly vo 


a team hakiethe ist ua a 


‘Pagte a Oe GER Wey hy 260 
(pe PhS ct Oly Ber erty : . a0 | 
os AY at els \ We sithatt 
( Pen. ie all y SHIM Bo: 


oth, § 
WS) 5 


4 } Bare Ci 


manic, wt a wi 


a ee | i 


7 


a 


- ay 
i] , " 


ori ander 


Figure Page 


5. 34 Permafrost Lysimeter 175 

5.35 Permafrost Lysimeter 176 

5.36 Tray from Permafrost Lysimeter (weighed with 176 
standard load cell) . 

5.37 Portable Crane and Permafrost Lysimeter W777 

538 Product of Average Wind Speed and Relative Hum- 180 
idity vs. Latent Heat of Condensation 

5.39 Wet and Dry Bulb Temperature Sensors 182 

5.40 Typical Vapour Pressure Gradients Above the 184 
Headscarp 

5.4] Daily Evaporation Rates at Test Site 186 

5.42 Typical Temperature Gradients above the Head- 188 

: scarp 

5.43 Heat Balance at the Headscarp of the Fort 19] 
Simpson Landslide 

6.1] Gravel Thickness, Ground Surface Thawing Index Zli2 

- and Headscarp Retreat for Ice 

6:2 Gravel and Artificial Insulation Configuration 218 
for Steep Slopes 

63 Gravel and Artificial Insulation Configuration 218 
for Moderately Steep Slopes 

6.4 Gravel and Rock Filled Gabions with Artificial 220 
Insulation on Moderately Steep Slope 

6.5 Gravel and Artificial Insulation on Low Angle 220 
Slope 

A.1 Mile 222 Alaska Highway (Backslope instability 263 


during construction, July 1973). 

Aie2 Mile 50 Dempster Highway (Headwaters of the East 263 
Blackstone River. Road built at very modest 
geometric design standards ) 


A.3 Mile 124 Dempster Highway ~ 263 
(Typical view of the Ogilvie physiographic unit) 


A.4 Mile 80 Dempster Highway 264 
(Improved geometric design standards) 


(x x) 


oo ny va toe Por 
bras Ue 
6509 | | ee 
au | | vs nade | 1 oN % 


act : ; cre “tt a BN reer tena = 


nent “rw bern tow) ‘vadaninyt wads) armel ath wit 
| 3 | ’ (ff 59. boo! Grphneta’ 0% 


ute t t20t aera One enw wf netan’ 


Cyl han H ¥ seh tly a 7 ve i O att | 
bo eed +r) Thee SAT.) a¥ thet 
ane 
Sef yiaal olwe 4d one ton 
f PN ae . 


sat typ! Bemely: 2 Fosgate « or tale ae | : MIOUEY i ROLGYT ss 
ROTO 7 My 


39 | ait shay ae Peake bobteonend chad 

mal | bags uty hy ae 3 oT rehire opt Sareea’ Fé? NT 
| a ahi 

fen: Pty ASS g7gtaen ait Ie Goel ea sah, 

| sh? iJ coi. roe 
iS MOG aT Ph Gsi |: 4 it te rae § Seno Th tayo 

3 $26 00S Phar son «4% baatrage ray 

nf WeLseyupT tra. ons & ade flat we fA bw ‘tome 

; | ran 6 yoare iid 

45  NEPIB MET TAG) aT | ue ie 4G wht Hy re Diha/ er 

tact Gaga Ret “oF 

Oss 2. Pere WA Artw ennice: ) git et Avot, ind tedand 

agokc a u Sy enon, no wavs Hhwaad 

O55 Siihuwod | ae Sufi fayerel VIPLbd eat: v4 brea ‘alga 

’ 7 ; i 

ve , \¢ bee ; 


os bas 42) Phat ent ago Tips) aul Ld baeeth Soo oi 
ON NaF | r (ERPR ra a FC a emma 


mail EaS °° faed ‘i 7, eH ehewl ait: nawiigha vjsiienyth: ue 


7 i. ; i Szabo Ya Je Shiu bath eyt? onda 
7 7 Tra ( iis sia “apheabeyl yf ary 
j a 7 : 
al) ie | ke f | | 
nar 7 fas _— mn ia sak 
7 : 7 ei metre SHuexgot evag arV EEO ‘ond 7 : 
oa, is vt * eae 


4 H nal 


; ewe nen 
\2o7ehbap Fe ‘ee ita AGE 


7 = 70 


Figure 


A.5 


A.6 


A.7 


A.8 


A.9 


A.10 


Mile 109 Dempster Highway (Biangular profile of 
backslope due to permafrost degradation) 


Mile 114 Dempster Highway (Large thermal degrad- 
ation scar - 150 ft. wide and 15 to 20 ft. deep) 


Mile 120.7 Dempster Highway (Ten ft. cut with 2:1 
backslopes made into ice rich organic silt) 


Mile 153 Dempster Highway (Melting of large 
ice wedges caused slope degradation) 


Mile 153 Dempster Highway 
(View from top dressed backs lope) 


Mile 175 Dempster Highway (Backslope and shoulder 
failure due to melting of a large ice lense) 


Mile 175 Dempster Highway (Severe cracking of 
shoulder due to differential thermal subsid- 
ence caused by construction 

Mile 343 Dempster Highway - Large cut between 
Arctic Red River and Fort McPherson (looking 
wes t) 

Mile 343 Dempster Highway - Stabilized back- 
slope. (Hand placed vegetation to control 
rate of thaw) 

Bimodal flow in the Richardson Mountains 


Approach cut to Mackenzie River crossing at 
Arctic Red River 


Typical vegetation patterns at southern end of 
TAPS Haul Road 


Mile 14 TAPS Haul Road (July 1973) 


Mile 20 TAPS Haul Road - Typical Bore Hole 
Log (After Smith & Berg 1972) 


Mile 1916 (31.6 km) TAPS Haul Road (July 1973) 
Mile 20.3 (32.6 km) TAPS Haul Road (July 1973) 


Mile 22.9 TAPS Haul Road (April 1970) 
(After Smith & Berg 1972) 


Mile 22.9 TAPS Haul Road (July 1973) 


Mile 23.4 TAPS Haul Road. Approach to Hess 
Creek (April 1970) 


Page 


264 


264 


265 


265 


266 


266 


266 


267 


267 


267 


268 


268 


268 
269 


269 
269 
270 


270 
270 


wat th) 8 rtovg 1510p) ia) Veale ae 0%) Cap. ais 
( nord 873) FeO FRIIS aid ‘eto ane of 


Ey Ce th Sg rats 4S ea) ‘gander. aed Sapna. ait site 
Coget. 2 Fk ay ry bere er 18 Us! ‘ Racbaad nota 

C22 IW tue ult Aety cena (Si. eine x at arin 
PUTS ore oIG AST at bai ‘abit ainvehona 


Sort 70 fy PS Paeit Vv ig wan i Hie f zaptel a Pa 
ig Lt Aba i pep rete (bay ae Ve enabow sar 


eas | cos ‘ Fegnstt gat seat 
Peed eee iS ise F oat ‘ay 
| vi, 


ays, cts] ae yet VR. S00 Sx + yews “id : oy adkea' A ey ott 
“a i (acest Sat. Spiel A A a tH Aol OF Sub ae 


shih ba’ 1c .poTinede atevsc) AREER ejnee” ate atiM! 
pbadive Tsarist | otaee Pans Patan iecipa 
bie ‘ Pe dd t PD ) A ite 


i ie 


Vas 18d DSS hi ich Pa sat dseagned a om wo 
Fotineoiok Mestad: quay F descantal Bier’) 900 


' ms ih 0 eae 
at cab tayo dios ye tf oi. pt wd ; + Fae 


bas > - tc bn Feder: 7) rary >i sian mire 66 
| nh : ngs ate 


Has Yo bre. eiondage %s ON rosie ABPEGY opay a 
hour (ust 2 


, . 
i an ; 1. a 


pas (Exot: vu) O04. dudh “427 ay 0 E TA 


TS ok, ate Seo utusH eA 6 ahhh 
sure SMF TER wstine: ‘vad A) 7 


(Eter vil) baat. rue aah ‘(ont ute] aie oie 
(erat fut) veok fuss BAT tint, 0:80). v8 a - 


(over Panag ha a hin ss ote a - 4 


Figure 


A.24 


A.25 
A.26 
C1 
C22 


Mile 23.4 TAPS Haul Road. Approach to Hess 
Creek (July 1973) 


Mile 33 TAPS Haul Road (July 1973) 

Mile 54.4 TAPS Haul Road (July 1973) 

Shadow Cast by Obstruction on Sloping Ground 
Relation of a Small Surface dA, to a Diffusely 


Reflecting Large Surface A, é 
(After Threlkeld, 1963) 


(xxii) 


Page 
27] 


27] 


271 
290 


292 


er = ‘A a ie pal : hy ; 1 ~ *. ms 7 ay a U : : 
wy ) i H Zs a % -_ 7 cn endl : 
' ae | : 7 


ree. | (ena eal) ipnotl rupi te . 
fe ° } : PEVel aie he ‘BER Teh at et 


i \ 
des baada Barware “noe owiyaa Xa a) eve 


see yieza7Tid «& 63 ab SEB F ture) tele 
‘i . ee ke oprb) ae | 
Pye Laie ite jae 


f 
A 
ci \ 
| 
ni 
a 
7 i) 
. 
i 
’ : 
L 
a 
= a 
7 
- 
"- 
a) : v 
| i aoe > oe 
t a =" yo 
: —s z 2 


CHAPTER I 
INTRODUCTION 


a General 

The increased demand for energy and raw materials within 
the last decade has resulted in the exploitation of many frontier 
reserves of minerals, oil, and natural gas. The Canadian and Alaskan 
Arctic are presently the center for much of this activity. The dev- 
elopment of natural resources in these regions requires the construct- 
ion of various transportation facilities over terrain underlain by dis- 
continuous and continuous permafrost. One of the major problems assoc- 
iated with route location for these facilities is that of slope 
instability. 

Research activities by Capps (1919), Eakin (1919), Taber (1943), 
and Sigafoos and Hopkins (1952) provided a substantial quantity of qual- 
itative information regarding slope instability in periglacial regions. 
The proposed pipeline construction in the Mackenzie valley added new 
impetus to this aspect of Arctic research. Hardy and Morrison (1972), 
Hughes (1972), Issacs and Code (1972) and MacKay and Mathews (1973) 
provided greater insight into the mechanisms of mass movements in the 
arctic regions. 

McRoberts (1973) classified the different types of mass 
movements encountered along the Mackenzie River valley and its trib- 
utaries. He successfully attempted to explain the mechanisms of 
failure of thawing permafrost slopes in quantitative geotechnical terms. 
Thaw consolidation excess pore water pressures due to self weight were 


included in his analysis of an infinite thawing slope. This equation was 
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(After McRoberts and Morgenstern, 1974) 


where F. = factor of safety of the slope 
y' = effective unit weight of the soil 
y = total unit weight of the soil 


o' = angle of internal friction of the soil 


fap) 
I 


angle of the slope 


R = thaw consolidation ratio 


This relationship adequately explained soil movements on low angle 
slopes that would have otherwise been stable if only steady state 
Seepage pore water pressures had been present. It was apparent that 
any stabilization techniques would require the alteration of the thaw- 
consolidation ratio (R) which includes both thermal and physical prop- 
erties of the soil as well as the imposed step temperature at the surface. 
This thesis proposes a method for stabilizing planar landslides on 
thawing slopes. 

The geotechnical implications of uncontrolled retreat of bi- 
modal flows was recognized and attention was drawn to the hazards involved 
with artificial cuts in ice rich soil (ibid). A simple model used to 


relate the rate of ablation to heat flux at the surface is of the form: 


Wieser, - - - [1.2] 


(Carslaw and Jaeger, 1947) 


where V = the steady state velocity of the ablation surface 
F = the heat flux available at the surface 
L = the volumetric latent heat of fusion of the soil/ice 
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This relationship indicated that a heat flux of approximately 200 to 
600 ly/day was required to sustain typical rates of ablation that 
had been observed in the field. A comparison of these values with 
Synoptic estimates of net radiation indicated a substantial dispar- 
ity. There appeared to be an unaccountable source of heat involved 
in the ablation process. Kerfoot (1969) and McRoberts (1973) also 
noted that bimodal flows did not favor any particular aspect and 
that maximum retreat did not always occur on slopes with the most 
southerly aspect. 

The questions concerning the high rate of ablation, the 
indifference to aspect, and the unique shape of the headscarp of 
bimodal flows remained unanswered. A complete analysis of the heat 
balance at the surface of exposed melting permafrost was considered 
necessary to properly explain the observed phenomena and to provide 


a rational basis for the design of remedial measures. 


eZ Scope of Thesis 


Transportation facilities constructed across permafrost 
terrain necessitate the cutting of slopes in frozen soils that are 
not stable in the thawed state. A field reconnaissance was undertaken 
in order to appraise the behavior of existing road cuts. Chapter I] 
Outlines the nature of this reconnaissance, summarizes the findings, 
and contains the conclusions of the survey. The details of this study 
along with a variety of illustrated examples are contained in Appendix 
A. 

One of the common forms of natural instability involves a 
Surface movement or detachment failure of surficial material on reason- 


ably planar surfaces. These flow dominated movements are evident not 
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only on natural slopes but on low angle back slope cuts as well. The 
necessity for some means of positive stabilization of these failures or 
incipient failures is apparent. Chapter III identifies the important 
variables involved in this problem and proposes a procedure to remedy 
this type of instability. 

If rational design procedures are to be utilized to prevent 
excessive degradation of cut slopes or to control naturally occurring 
bimodal flows it is essential to establish the energetics of exposed 
melting permafrost. Chapter IV outlines the heat balance theory for a 
sloping surface of exposed permafrost and postulates the presence of 
substantial sources of heat other than net radiation. The theory was 
verified by field experiments which were performed at a large complex 
landslide on the Mackenzie River near Fort Simpson, N.W.T. The det- 
ails of the field program and the interpretation of the results appear 
in Chapter V of this text. The results substantiate the theory and 
Provide the basis for control of thawing of exposed permafrost. 

Design and construction procedures for cut slopes are reviewed 
and a variety of methods for backslope preservation are presented in 
Chapter VI. 

The final chapter contains the concluding remarks and suggests 
the form of ongoing research related to this aspect of surface trans- 


portation facilities in the Arctic. 
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CHAPTER II 


BEHAVIOR OF EXISTING CUTS IN PERMAFROST 


2.1 Objectives 


Transportation facilities constructed across permafrost 
terrain often require cuts of varying size to maintain acceptable 
geometric standards. Exposure of these open cuts to thawing temp- 
eratures invariably cause degradation of the permafrost and sub- 
Sequent deterioration of the backslopes. The magnitude and frequency 
of this deterioration was previously without documentation with the 
exception of the work of Smith and Berg (1972) on the Trans-Alaskan 
Pipeline System Haul Road. 

General interrelationships regarding geological history, 
landform, type of material, and ground ice patterns had been emerging 
(Mackay and Black, 1973; Hughes, 1974 and others). Furthermore, there 
had been a mounting log of evidence (McRoberts and Morgenstern, 1973) 
to indicate that the frequency and scale of natural slope instability 
increased rapidly in areas containing fine grained ice rich soils. 
Although slope instability occasionally occurred in the till materials 
it was not generally characterized by continuing permafrost degradation. 
It was also evident that the amount: and type of ground ice present in 
the frozen sediments played a major role in the extent and nature of 
the observed instability. 

With these concepts in mind, a field reconnaissance program 
was undertaken to assess the current state-of-the-art regarding the 
behavior and development of design concepts pertaining to cut slopes 
in frozen soils. 


The objectives were to establish (whenever possible): 
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i) the geological, climatic, permafrost and geographical 
setting; 
ii) the soil and ice stratigraphy; 
iii) the original cross-section geometry; and, 
iv) the existing cross-section geometry. 

This. information should provide a basis for at least some 
tentative conclusions regarding the behavior and predicted behavior 
of cut slopes in arctic and sub-arctic regions under various geographic, 
climatic, and geologic conditions. 

Economic considerations coupled with efficiency and con- 
venience indicated that a small self-contained mobile home, towing a 
utility trailer, would provide the most versatile means of surface 
transport. The utility trailer contained a variety of equipment and 


Support items deemed essential for the field work. 


eaG | ROUTE 

During the course of the reconnaissance approximately 5,500 
miles were travelled in 25 days and during that time many dozens of 
cuts on various highway locations in British Columbia, the Yukon Terr- 
itory, the Northwest Territories and Alaska were examined, measured 
and photographed. 

The details of these observations are contained in Appendix 
A while summaries and conclusions appear in the following pages. The 
information is presented under the sub-headings of Alaska Highway, 
Dempster Highway, Trans-Alaska Pipeline System Haul Road, and the 
Copper River Basin. It was felt that the locations could most logically 
be categorized according to specific projects rather than by territ- 


orial or physiographic boundaries. The main sub-divisions will, 
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therefore, appear in the order in which they were encountered (with 
minor exceptions). 

The major part of the route location is shown in Figure (2-1). 
The field party started in Edmonton, Alberta on July 4, 1973 and 
travelled north through Grande Prairie to Dawson Creek, B.C. and then 
to Whitehorse in the Yukon Terriroty via the Alaska Highway. Travel 
continued north through the Yukon to Dawson City and up the Dempster 
Highway to its terminus at Mile 178 (1973). The route crossed the 
Canada-United States border at Poker Creek west of Dawson City, rejoined 
the Alaska Highway at Tetlin Junction and continued west to Fairbanks, 
Alaska. Activities in Alaska dealt primarily with the Trans-Alaska 
Pipeline System Haul Road, which originates near Livengood, extend- 
ing fifty-five miles north west to the Yukon River. The Copper River 
Basin, in south eastern Alaska, was examined by travelling the loop 
from Fairbanks to Anchorage, east to the Copper River near Glenallen 
and then north to Tok Junction, and returning to Whitehorse from there. 

The north end of the Mackenzie and Dempster Highways were inspected 
by travelling to Inuvik from Whitehorse by commercial airline and then 
by helicopter to Arctic Red River, Fort McPherson and the Richardson 
Mountains. 

The field party then returned to Whitehorse from Inuvik and 


arrived back in Edmonton on July 29, 1973. 


2.3 Alaska Highway Mile 222 (from Dawson Creek, B.C.) 57°58° N 
latitude; 122°46' W longitude 
2.3.1 Summary 


Goncerns in this region regarding the instability of back 
slope cuts caused by permafrost degradation are slight due to the 


sporadic occurrence of permafrost (Figure (2-2)). North facing 
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Fig. 2-2 Permafrost in Canada (After Brown, 1967) 


10. 


slopes covered with heavy stands of black spruce and alder are usually 
avoided as are low, poorly drained areas. Encounters with permafrost 
are, therefore, often unexpected and as a result may lead to some 
particularly troublesome construction situations. 

At Mile 222, a highway cut 20 to 25 ft. deep was required 
to maintain alignment in a reconstruction project. Very wet, fine 
grained partially frozen material was encountered in the fall of 1972. 
Cold weather, wet soil, and freezing weather conditions prompted a 
postponement of construction activities until spring. The material 
did not melt, drain, and stabilize during the following spring and 
Summer as expected and a continuing problem of back slope instab- 
ility and a wet subgrade were preventing further construction activity. 

The observers felt that if the excavation had been completed 
and subgrade back fill consisting of select borrow had been installed, 
then little difficulty other than ditch maintenance would have 
resulted. It appeared that excavation by dragline and trucks was 
required to remove the saturated material from the centerline of the 
roadway. Subsequent back filling with free draining select borrow 
would provide a stable working base from which to perform ditch main- 


tenance and the remainder of the required excavation. 


2.4 Dempster Highway 
2.4.1 Location and Background 


The Dempster Highway follows an old overland route between 
the water drainage system of the Yukon and Mackenzie Rivers. beginning 
at Dawson City, Yukon Territory 64°04 N. Taites 139°26 W long. via 
Fort McPherson 67°26. No lat..s 135°58 W long. to Arctic Red River 


67927, N lat., 134°44° W long. The location is shown in Figure 2-3. 
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Location of the Dempster Highway; Dawson Ci 
Yukon Territory to Arctic Red River, N.W.T. 
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Construction of this highway began in 1959 and consisted 
largely of improving, grading and maintaining an existing tote road. 
Subsequently, more money was appropriated to the project with the 
aim of connecting Dawson City on the Yukon River to Fort McPherson 
on the Peel River and subsequently, the settlement of Arctic River 
at the confluence of the Mackenzie and Arctic Red Rivers. 

The highway Jies primarily within the Northern Plateau 
and mountain: area of the Interior System of the Canadian Cordillera. 
Figure 2-4 indicates the different physiographic units traversed by 


this transportation facility. 


2.4.2 Mile 0 - Mile 80 

The first 45 miles of this section of highway is located 
along the North Klondike River and the remaining portion along the 
East Blackstone River. Much of this area has been glaciated and 
there is an abundance of sub-grade material comprised of glacial 
sediments along the lower portion of the route. Weathered shales 
and sandstones occasionally outcrop and are used extensively as sur- 
facing materials. 

Permafrost is more or less continuous and consequently the 
borrow pits formed in the active layer are large and shallow. Thermal 
Subsidence of the road is common and has substantially lowered the 
grade line. As a result, continued maintenance has been required to 
Sustain the road bed. 

Road cuts along this eighty mile section of road were not 
considered significant. They were small (less than ten ft.) and were 


Stable in all cases. 
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Fig. 2-4  Physiographic Regions of the Yukon Territory (Bostock, 1961) 
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2.4.3 Mile 80 - Mile 154 

The location of this section of road is shown in Figure 2-5. 
The highway departs from the Blackstone River at Mile 96 and parallels 
Big Creek, a tributary of the Ogilvie River, to Mile 123 and from 
there follows the Ogilvie River to Mile 154. 

The highway now lies within the unglaciated portion of the 
Yukon Territory and surficial deposits consist of talus covered slopes, 
alluvial fan deposits and active and inactive flood plain deposits. 
Muskeg is abundant in this area and unusually thick deposits of re- 
worked organic matter often cover the coarse gravel of the inactive 
flood plains. Pediment slopes consisting of frozen colluvium and 
alluvial silts interspersed with rock detritus and organic matter 
are frequent along the flanks of the valley. 

This lower sixteen mile section of sub-grade shows substan- 
tial improvement in alignment and design standards. Back slope cuts 
are rare, e a major portion of the road is constructed from fill 
material obtained from the East Blackstone River and Big Creek. The 
following 20 miles flank the valley walls of Big Creek and the prox- 
imity of the river bed has often forced the location onto the sides 
of the valley. Twenty to thirty foot cuts in colluvial silt and 
weathered shale are not uncommon. Construction problems and ditch 
blockage resulted from the melting of ice wedges and frozen soil en- 
countered in the cuts. Small bimodal flows occurred at some locations. 

Extensive disturbance was noted on an abandoned tote road 
located on an alluvial silt or slope wash side hill at Mile 114 dir- 
ectly across the valley from the present highway location. The original 
activity was estimated to be eight to ten years old. Large craters have 


formed due to thermal subsidence caused by the subsurface melting of 
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large tabular masses of ice. - 

A significant and troublesome cut occurred at Mile 154 adjacent 
to the Ogilvie River. A bimodal flow eventually developed with a head 
scarp thirty feet high. Large ice wedges were exposed in a silt- 
weethered shale-soil mixture. The melted soil and ice caused a serious 
impediment to drainage and concern to maintenance personnel. After 
one complete thaw season, gravel was used to fill the crater formed by 
the loss of material and thus return the slope to its original dimen- 
Sons. This remedial measure appears to have adequately prevented 
further degradation of the slope. 

The performance of cuts along this section of highway has 
generally been good to excellent with little more than ditch clearing 


required to maintain adequate drainage. 


2.4.4 Mile 154 - Mile 178 

The Dempster Highway departs from the Ogilvie River and 
ascends the valley flank to the Eagle Plains. Unglaciated surficial 
deposits comprise the subgrade construction materials and consists of 
discontinuous felsenmeer and/or colluvium over bedrock. Extensive 
deposits of organic matter are common along the lower reaches of this 
section. The Sandstone bedrock is more resistant to weathering and 
Miererseeerarie the tops of ridges and escarpments. The shales, on 
the other hand, are softer and weaker and form smoother and more 
gentle slopes. 

Large side hill cuts and steep grades were required to 
attain the ascent out of the Ogilvie River Valley to the plain above. 
However, since the roadbed was excavated into ice free sandstone and 
shale bedrock, no problem was. encountered with stability. Excavation 


ete ne mat AwMnan oud TnHAr Mmastnrn di teverleu Ry 


Sp) ee be fall DE bs aeeiaao shu) SOE iPeue a) bn ae bea} rata 


i rr N ‘- Ay ' ay tC DoT A tet Ven ’ H rf Aye Gy wa) 4 ; e “ponnk x! P i ca ater 


Hee a beduc: t bes Mine bet Tes ert sae ie ‘renal 
Hosen lainey ages hat OF Pei ati’ ps0 ta ot 


yy, badly za PRE eRe ws. 


: ’ 7 
| ee Was 
‘ i] } ti = aE bi 
a2 Oia a 
a 
Re, { th Ce Seve 
a ee iE thee q i bins i } en 
Dea Te i, 5 »tatipH: ! vent 
¢ N ) are 7 
. Wht. ‘ thie ha $8 
\ cas ie eeate eae aha 
Ph Se. TCP es ae yah my f a cr. 
i : f y. 


sah 


Tbs wakes pie; ote Niet nay eo ato ° sist “ip 
43: LAaeied Be md Pes 9 abe “anon ; 


cH 


PAS TO. 28) qer Pret Pe whe vate o ais setae 


i ‘ i a f Mh iss ay aL ee 

i y 03) rts me: ote ai Nee a 
DS. BT rey é% NS N6 Ie rae be OU hat aotbel Wane 

a PLY ; : 1 N Pay " ee at aa ‘fs ns 


bee ee hh ee a eke 

ie peu: wy ele A "wy Pr as ‘ ay may y ie rao Ah wat et 

wa ih ; af 1 Lhe OTS aie Be oi WG ; vaisow bie a3 

a BR Stang paberg sate 2th sy fre 

| r - oy j : 
fi > me ; : ee 

2 ath hase at Oe Bie oS ro) sae a ee ae a ue 


le ‘ : a’ 
bons Er med aa at “ate alien . "1 


loosening the frozen soil with a ripper tooth on a large crawler 
tractor and rapidly excavating with conventional earth moving equip- 
ment, it was found possible to construct cuts without encountering 
excessively wet and muddy working conditions. Occasional encounters 
with residual ige rich fine grained soils caused construction delays 
and increased costs. However, the back slopes were not found to 
exhibit alarming instability. 

An excellent opportunity exists to compare the difference 


and assess the behavior and quality of subgrade constructed in late 
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fall and early summer along this section of road. Subgrade constructed 


tn the spring and early summer tends to undergo substantial differ- 
ential settlement and cracking as melting proceeds into the active 
layer during the remainder of the summer. On the other hand, sub- 
grade that was constructed in late summer and fall tends to be more 
Stable and exhibit less differential settlement. This behavicr can 
be attributed to the fact that much of the settlement due to conven- 
tional consolidation occurs eoce the construction period rather 
than subsequent to the completion of grading. 

Mile 178 was the construction terminus on the Yukon por- 
tion of the Dempster Highway as of July, 1973. A further 56.5 miles 
of road is presently being constructed to the Eagle River, No inspec- 
tion of this road has been made and therefore comment is beyond the 
scope of this thesis. Preliminary design and location reports indic- 
ated that the location would follow summits of the ridges whenever 
possible and borrow material was to consist almost exclusively of 
weathered sandstone and shale bedrock except where limited quantities 


of sand and gravel were available from the Eagle River or other lesser 


streams convenient to the right of way. 
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Z.4.5 Fort McPherson to Arctic Red River 
Mile 330 to Mile 365 

This section of highway connecting the settlements of Fort 
McPherson and Arctic Red River was completed during the summer of 1973. 
Hummocky or dead ice moraine represent the basic land form which is 
comprised of deposits of unsorted glacial drift occasionally draped with 
sorted fine grained sediments that may be water modified or reworked 
till. Large areas are covered with silt and organic material. 

Engineering design problems involved the stability of thawed 
soils, embankment design and drainage structures. High moisture con- 
tents in the upper till precluded its use as a construction material and 
ripped sandy shales were used almost exclusively as a sub-grade material. 

Excavation was generally avoided except for a large cut that 
was developed in a knoll at Mile 343 in order to supply borrow material 
for the adjacent sections. However, the material proved to have exces- 
Sively high water contents and was completely unstable when thawed. 

Much of this material was wasted in adjacent spoil areas. 

During and after completion of the cut, the back slopes ex- 
hibited reasonably serious degradation. However, the extent of the 
retreat was apparently limited to the areal extent of the ice. It 
appears that the retreat and instability of the back slopes ceased when 
the excess ice had melted and the water had drained away. 

This is the most significant cut on the Dempster Highway 
and the length and width of the excavation rather than its depth make 
it an outstanding feature on the landscape. At the time of inspection, 


the back slopes appeared to have completely stabilized without det- 
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rimental results. 


2.4.6 Mile 178 - Mile 330 

A brief helicopter reconnaissance was made of the proposed 
location of the section of the Dempster Highway between Fort McPherson 
ad south to Mile 178. 

Several naturally occurring bimodal flow slides were noted 
in the Richardson Mountains near the Yukon-Northwest Territories border. 
Some of these flow slides have run their course or have become dormant 
while others are currently active. Sediments encountered at those 
sites consist of significant quantities of ice rich fine grained dep- 
osits. None of these slides were in close proximity to the proposed 


right of way. 


Ze5 Mackenzie Highway (Inuvik to Arctic Red River) 


Two sections of the north end of the Mackenzie Highway rec- 
eived a cursory inspection for the presence of back slope instability. 
No cuts of significance were encountered in the northernmost Inuvik 
section. However, the north approach to the Mackenzie River warrants 
ashort discussion as it was the only situation where measures were 
taken to prevent back slope degradation rather than control it. 

A pe foot deep cut had exposed 15 to 20 ft. of ice-rich 
fine grained sediments overlying interbedded shale and sandstone bed- 
rock. As the excavation proceeded, the ice content of the overburden 
increased with distance from the river bank. To prevent subsequent 
degradation, the slope was benched at the bedrock level and the ice- 


rich fine grained sediments in the upper portion of the slope were 
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dressed with 10 ft. of crushed shale. The slope appeared to be 


functioning as anticipated at the time of inspection. 


2.6 Alaska Reconnaissance 
2.6.1 General 

Prior to 1973, the roads in Alaska had been built in the 
discontinuous permafrost zone except for minor activity on the Arctic 
Coast. The designers, for the most part, were able to choose their 
locations judiciously and thus avoid cuts where ice-rich fine grained 
soils were suspected. Even so, requirements of the oi1 industry have 
created a need for road locaticns that do not allow the designer as 
much latitude in the choice of route. The Trans-Alaska Pipeline 
System (TAPS) Haul Road is a typtcal example of such a problem. 

The TAPS Haul Road begins at Livengood some sixty miles 
northwest of Fairbanks and extends fifty-five miles beyond to the 
Yukon River (1973): This road has since been completed north to 
Prudhoe Bay on the Arctic Coast and provides facilities for ground 
Surface transportation of al] supplies and personnel recuired in 
the construction of the Alyeska Pipeline. 

The great difficulty associated with the routing of this 
road was that it, of necessity, crossed the grain of the country. Its 
origin and destination required the route to climb scuth facing slepes 


and descend north facing slopes (Figure 2-6). 


2.6.2 TAPS Haul Road 

The southernmost section of the TAPS Haul Road, built in 
1969-70, crosses broad undulating divides and flat-topped spurs of 
the Yukon-Tanana Upland and descends to the Yukon River Lowland which 


exhibits gently rolling topography with maximum relief in the order 


20. 


= 
a 
= 
® 
= 
- Se - 
. = — 
— 
way 
— 


fi : 7 a 
att aranh to Soke St 7h ae ee ie ites = + 


SN adie Age of stent | 


=“ eee eee ys! 


: ; 
£ on! { s r a." t iy 
} iE} ’ ; an 
r 4 a ‘ i regis i 
Pp oorpel Pe 7. ae aay y ¥ Ab A faa A i Zo) 40 am 
ee ee Peat NS ae ni 
A Fi it : im { oe 
‘rae ~ i apt <3 
yer . ' ¢ ‘ ui te 
wo Pee fy ngar Ms 
; ; oa S 
ce i : ; 
era, 
ee WE acait : 4 
| Lear e to f i 
i X 
* f ~ ‘ 4 f 4 
ors nim aleneien Aha 


Me) BREAST CHSET An Oe S200 10. Agen ose ee 
1 ‘ ; ake 
: Wao'vg Me 8 > 1a 5 at OO a 
7 a 7 | 
ila a briny By 24 nino Ep buat cae 

" | 

: OS nee ey hee ane oe ee ae 
a i by’ Wieved oot bi at ioe Te eee hore > ehengelha 
- , 7 e Pee ay’ e ‘, ay Ny hi eee 
7 it 2 : iy id 
Jie! f ij wit VF ROM Te | Sy rie. o>} j Bir A- 4 : nich 


ae : i 4 Pentel ' baiiihey ; - re hed andy idk . aly esis ee the 42 wetdbh Torres 


ime st, 4 pt bl | i : Ve, oles i 
my : in’ FL. ee & a oa) ) a 
mate a the ae oct i any bee h Oe 1 
7 Te he ) a 1” i , : e-. vy ie 
5 : ol ee ‘ ier I 
} ig ' cre uy j n as x F i 


r ¥ 7 oonena vi | i " b . nu hs a ay ge ed : : 


— a ti ae a Kats ‘ ie y “Se pian 


pits vente” + dtuor onto GE ryt 2h bent ak cated i 


ma | | i we | ity 2 
ome rt : Vv | bait: Dube 


- A : Pi, ! So ; : ' 
ree bhol fuet 2947 ont fo nehioee jewpyeituodel 
. - : 1 


‘beqgot-a0) 2 bre zantyth ehirn lett ieee 
vt nomy our i a, chive ag ‘bn pret 
a a 7 i> _ we _ 


sin. dr iantay alia 


(al be 


, Alaska 


Wer 


Livengood to the Yukon Ri 


° 
*) 


(Road crosses northeast-southwest trending ridges at 
right angles) 


TAPS Haul Road 


Fig. 2-6 


ipueat ee feet 


3G Te Oe Ahibaes ‘ 


ne) 
+2 
» ee 


sta me ene tpbon 6 ee 


Singh i oe tee 4 me uF 


(es 


22. 


of 1,000 to 1,500 feet. This entire fifty-five mile section lies within 
the discontinuous permafrost zone (Ferrians et al, 1969). The unglac- 
jated surficial deposits consist of reworked aeolian silt, colluvial 

and alluvial silt, sand and rock fragments, dune sand, and alluvial 

sand and gravel and exhibits an active layer depth that varies from 18 
in. to 10 ft. below the surface. These surficial sediments are uncon- 
solidated, usually frozen, and are often very rich in ice. Ice forms 
include wedges, lenses, and interstitial ice. 

The TAPS Haul Road has provided the first real opportunity 
to observe and record the performance of a significant number of road 
cuts in ice-rich fine grained soils. The road has many substantial 
cuts on north facing slopes that exposed what was termed "massive ice". 
Certainly the ice did appear massive in that cuts in the order of 20 ft. 
had 12 ft. or more of ice expcesed in the section. However, the 
tabular extent of these ice exposures was net and has not been est- 
blished. 

Many of these cuts were excavated with vertical or near 
vertical faces with the thought that prior to any self-healing, the 
cuts would have to melt back to a vertical scarp. It was anticipated 
that the upper mantle of soil and organic mat would then slough down 
over the melting ice and soil and provide sufficient insulation to 
stabilize the slope. Vegetation would then re-establish itself prev- 
enting erosion and any further fouling of the ditches. 

Inspection of these cuts in the summer of 1973 indicated 
that the back slopes had essentially stabilized. Many slope angles 
were very steep (35° to 40°) and the present conditions probably do 
not represent ultimate stable slope angles for most of the colluvial 


silt encountered along the route. The relatively free-draining nature 
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of the silt deposits, the extensive re-vegetation program, and probably 
the initial vertical cross section have all contributed to rapid stab- 
ilization. More important, however, may be that the ground ice occurs 
in the form of wedges of limited extent and that the back slopes stab- 
ilized when the exposed ice wedges melted and allowed the remaining 
Soil to slough down forming a quasi stable slope from material with 
moderately low moisture contents. Summaries of the soil classification 


for the TAPS Haul Road appear in Table 2-1. 


2.02.3 Copper River Basin 


The Copper River Basin is located in southeastern Alaska in 
the discontinuous permafrost zone. This region has been subjected to 
extensive glaciation and pro-glacial lakes were common during the 
retreat of the ice. As a consequence, major deposits of glacio- 
lacustrine silts and clays, fluvial silt and sand, sand and gravel, 
colluvium, and organic soil comprise the surficial materials. Ground 
ice forms and amounts are extremely variable. Ice wedges, massive 
tabular bodies, and interstitial ice are common. Natural water con- 
tents often exceed the liquid limit (EISTAPS, 1972). 

Instability of large cuts and fills is common in this region. 
Slopes are designed to ensure stability in the thawed but essentially 
undrained case, with no excess pore water pressure considered due to 
thaw consolidation. 

Several cuts were observed at various locaticns in the area. 
The back Slopes did not exhibit any sericus distress due to perma- 
frost degradation. Many slopes along the valley wall undergo signif- 
icant movements. Most of these failures are semi-rotational or block- 


type movements and are not necessarily related to changes in permafrost 


conditions. 
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2.7 Conclusions 

The observations made during the field reconnaissance program 
are summarized in Table 2-2 and indicate that slope behavior varies 
widely in the areas that were investigated. It is also apparent that 
at least limited instability may be encountered in cuts in all regions 
which contain fine-grained, ice-rich sediments. There appear to be a 
number of factors which contribute to the amount of instability. 

These are: 
(1) geological history (primarily glacial); 
(2) landform and soil type; 
(3) ice content of sediments; 
(4) nature or type of ground ice; 
(5) geometric cross-section of the back slopes. 

All of these factors are inter-related and are listed in 
approximate order of importance. 

The determination of the geological history along with the 
recognition of aceaciated landforms will provide a sound basis for the 
preliminary design and predicted behavior of highway back slopes. 
Although local exceptions may exist, it appears that the greatest risk 
of precipitating unstable conditions arises in areas that contain sig- 
nificant deposits of stratified drift in the form of pro-glacial, 
lacustrine silts, and clays. These deposits generally contain large 
amounts of segregated ground ice in the form of lenses varying in thick- 


ness from a few tenths of an inch to massive sheets many feet thick 


(Mackay and Black, 1973). 


The areal extent of these lacustrine deposits is often quite 
Significant, varying from a few hundred feet to a number of miles. Thus, 


a flow slide initiated in such an extensive deposit is not likely to 
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terminate due to a lack of material. When these soils are thawed, 
large amounts of meltwater coupled with low permeabilities provide an 
ideal condition for the generation and maintenance of large excess pore 
water pressures. The thawed soil is very weak and flows at very low 
angles (McRoberts and Morgenstern, 1973). It is unlikely that vertical 
cuts would provide any great degree of stabilizing influence unless 
they were less than ten feet in height. Under these conditions, the 
intact organic cover may be able to provide a retarding effect on the 
rate of thaw and the subsequent generation of excess pore water pressures. 

The effectiveness of the organic mat is directly related to 
its continuity. Tearing or ripping of the cover under self-weight 
can be reduced by removing the larger vegetation and in some cases 
reinforcing the mat with wire mesh fastened to the tree stumps. 

The reconnaissance did not encounter highway or right-of-way 
locations in regions of extensive glacio-lacustrine deposits with 
the exception of the Copper River Basin in Alaska. This latter area 
did not exhibit the bi-modal flow slides characteristic of the 
Mackenzie Valley (McRoberts and Morgenstern, 1973). Although it would 
appear that both areas were subjected to similar glacial histories, 
there is a distinct difference in the ice contents of the sediments. 
The reasons for this deserve further study. 

Conventional slope analyses using thawed, undrained strength 
parameters appear to provide acceptable margins of stability for most 
highway cuts in this region. However, there seems little doubt that 
route locations encountering extensive areas of pro-glacial lake basin 
sediments are exposed to the hazards of backslope instability. Great 
care must therefore be taken to avoid cuts in these regions whenever 


possible. 
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The other major classification of glacial sediments is that 
ah unstratified drift. Till plains formed from basal or lodgement til] 
and hummocky or dead ice moraine composed of ablation till are the 
two most common landorms. 

Ground ice conditions in the till plains ev arate a not 
particularly severe. The ice occurs as thin subhorizontal segregated 
lenses. The top layer of this landform may occasionally contain 
Significant ice lenses just below the active layer due to aggrading 
permafrost conditions (Hughes, 1974). These ground ice deposits 
usually occur within three to six feet below the surface and should, 
therefore, not create any sustained construction hazard. It should 
also be noted that this terrain has rather low relief and cuts will 
be uncommon. 

Hummocky or dead ice moraine iS common in the northern part 
of the Mackenzie Valley and appears sporadically along the Alaska 
Highway and the lower and upper portions of the Dempster Highway. 
This terrain unit is highly irregular and may contain lenses of silt, 
sand, and gravel as was witnessed at Mile 222 on the Alaska Highway 
and at Mile 343 on the Dempster Highway. Complex hydrologic, geologic, 
and topographic conditions prior to deposition of the sediments and aggrad- 
ation of permafrost have produced equally complex and irregular patterns 
of ground ice. These forms may consist of lenses of varying thickness, 
wedges, and occasionally significant amounts of interstiial ice (ibid). 
However, it must be emphasized that these ground ice forms are usually 
of finite dimensions and that flow slides initiated in these sediments 
will be of limited (and often acceptable) extent. 

Good construction practice involving wide ditches, low rock 


revetments, occasionally combined with minor amounts of backslope 
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reshaping and revegetation should provide an acceptable measure of 
Stability and pleaSing appearance. 

The unglaciated regions of the Yukon and Alaska contain a 
variety of classic landforms consistent with the geological history 
and periglacial conditions. The soils are generally formed from 
weathered sandstones and shales and consist of colluvial and alluvial 
silts, sands, and gravels. Occasional deposits of medium to highly 
plastic residual clays are encountered in the central and northern 
Yukon. The ground ice conditions are again very irregular in all these 
deposits and occur in a variety of forms. Ice wedges and lenses of 
variable thickness are the most common type encountered (Kachadoorian, 
1971). 

The relatively high permeability of these materials coupled 
with low interstitical ice contents provide conditions for moderately 
fast stabilization under thawing conditions. Flow slides initiated 
in this material, with these particular ground ice conditions, will 
normally stabilize after two or three seasons of thaw (Davies, 1973). 
Again, good construction practice should reduce the time required for 
stabilization and the amount of slope retreat that may be expected. 
Wide ditches are recommended to provide reasonable space for sloughing 
material. Rock revetments appear to play a significant role in re- 
taining the soil at the toe of the backslope while drainage proceeds. 
Vertical cuts may be desirable in areas that contain soil and ice 
conditions as previously described in that they tend to expose or 
intersect fewer ice wedges. This aspect combined with the steep quasi- 


stable angles developed by the soil between and above the ice provide 


* Personal communication. 
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encouragement for the designer in the use of steep slopes. However, 
it must be noted that generalization is not possible with the current 
State of knowledge and that steep cuts will not be desirable every- 
where. There is no evidence and little rationale to suggest that 
vertical slopes will perform satisfactorily in ice-rich glacio- 
lacustrine sediments except under conditions previously outlined. 

The occurrence of instability of natural slopes is undoubtedly 
the best indicator available to assess or predict potential instability 
of cut slopes. If areas do not exhibit natural instability due to 
permafrost degradation then it is unlikely that cutting of a slope 
will cause serious and extensive instability in the form of flow 
Slides. 

The only reliable method encountered for preventing rather 
than controlling flow slides was that utilized on the Mackenzie Highway 
at the approach cut to the Mackenzie River near the settlement of 
Arctic Red River. A thick layer of crushed rock was used to dress the 
exposed slope before degradation of the permafrost occurred. 

Procedures to prevent melting of the permafrost in colder 
regions are well known and are relatively simple in comparison with 
preventing permafrost degradation in the discontinuous zone (Lachenbruch, 
1957). 

The experience with cut slopes in permafrost reviewed here, 
albeit limited, indicates that the behavior of cuts need not be a 
Serious impediment to the routing of transportation arteries across 


permafrost. 
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CHAPTER III 
STABILIZATION OF PLANAR LANDSLIDES IN PERMAFROST 


oy Introduction 

Flow dominated land slides in periglacial regions have been 
documented by numerous researchers (Capps, 1919; Eakin, 1919; Sigafoos 
and Hopkins, 1952; and others). Skin flows or planar landslides invol- 
ving the detachment of vegetation and thawed soil from the underlying 
frozen soil are abundant in the Mackenzie Valley and have been described 
by Hardy and Morrison (1972), Hughes (1972), Issacs and Code (1972), 
Mackay and Mathews (1973), and McRoberts and Morgenstern (1973). 

Since skin flows are common, a method of stabilizing them 
Or inhibiting their occurrence is of interest. 

A technique for the analysis of thawing slopes of infinite 
extent has been developed which incorporates pore water pressure com- 
ponents due to steady state seepage as well as those resulting from 
self weight and surcharge loading during thaw consolidation. Insulation 
used in conjunction with a surcharge load reduces the rate of thaw, 
decreases the induced pore water pressures and may effectively stabilize 


the slope. 


Sue Thaw-Consolidation Pore Water Pressures 

Excess pore pressures in thawing soils may be predicted from 
the theory given by Morgenstern and Nixon (1971). The magnitude of 
these water pressures at a horizontal thaw front in a homogeneous single 
layer soil due to self weight and surcharge loading are given by the 


following equations: 
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ess 4. ] 
a aa Y, X(t) +> 71 - - - [3.1] 
RZ 
= p = 
UP ( 4 of) erf(R) Bf ther sey 
erf(R) + evened 
¥ wR 
where y = effective unit weight of the soil 
X(t) = depth of the thaw front, predicted by 
X(t) = a Yt (Carslaw & Jaeger, 1947) - - - [3.3] 
where a =v 2k Ts (Stefan, 1891) - - - [3.4] 
i ; 
Ky = thermal conductivity of the unfrozen soil; 
Ts = surface step temperature; 
L = latent heat of fusion of the soil/ice mixture; 
t = time 
RW ee (thaw consolidation ratio) sesead| 355) 
2v C, 


erf ( ) = error function 


PS = Surcharge load 


Ce bs residual effective stress (assumed to be zero at 
shallow depths in ice rich fine grained soils). The solution for 
equations [3.1] and [3.2] have been given in graphical form by Mor- 
genstern and Nixon (1971). 


The depth of thaw in a two layer medium is given by Nixon 


and McRoberts (1973): 


X(t) = VK, qk TS(t]-9t)) tm gary 
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where X(t) = depth to the thaw front measured from the inter- 


face of the two layers. 


K, = thermal conductivity of the upper layer 

K, = thermal conductivity of the lower layer 

H = thickness of the upper layer 

c = length Of the thawing season 
nite 

Lanies TSE ; (time to thaw layer 1) 

L> = latent heat of fusion of the soil/ice mixture 
in the lower layer. 

Bio many W Do Gam i03 2 

where Nes total unit weight of the soil 
W. = water content of the soil 
Wh = unfrozen water content of the soil expressed as 
a ratio of gms. of water to gms. of dry soil 
L' = latent heat of fusion of ice (79.6 cal/gm. ) 


If the upper layer consists of an insulating material or 
incompressible surcharge loading, a measure of the pore pressure in 
the soil below the insulation may be determined by computing X(t) 
from equation [3.6], substituting into equation [3.3] and obtaining 
an equivalent Ot: R can then be evaluated from equation [3.5] and 
the pore pressures evaluated for this modified rate of thaw. 

The above procedure is not strictly correct because the thaw 
depth as computed from equation [3.6] will in general not be linear 
with the square root of time. Figure 3.1 indicates the manner in 
which the thaw depth varies with time for a typical problem. It is 


apparent that this technique will slightly underestimate the thaw- 
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S72 
consolidation pore pressures generated in this particular two layer 
medium. A better estimate of these water pressures can be made either 
by numerical techniques or by modelling the. thaw rate from: 

X(t) = B(t)" (Nixon and Morgenstern, 1973) - - - [3.8]. 
The thaw depth must be calculated for various times from equation [3.6] 
and a suitable value of n determined for equation [3.8]. Graphical 
procedures may then be used to properly evaluate the pore pressures 


at the thaw front at different periods of time (ibid). 


B83 Stability Analysis of Infinite Thawing Slopes 


The pore pressure term in the stability analysis of an 
infinite slope with surcharge loading will be composed of: 

1) Pore pressure due to steady state seepage. 

2) Thaw-consolidation pore water pressure due to self weight. 

3) Thaw-consolidation pore water pressure due to surcharge 


loading. 


These three components may be evaluated separately as shown 
in Figure 3.2 and then added numerically to obtain the total pore water 
Pressure acting at the thaw front. This procedure is similar to that 
of McRoberts (1972), and McRoberts and Morgenstern (1974). 
The condition for steady state seepage is shown in Fig- 
ure 3.2(a). This is a well known solution and the pore pressure term is: 
U. = X(t) cos i %, - - - [3.9(a)] 
Figure 3.2(b) indicates the condition for the pore pressure due to 
self weight generated from one dimensional thaw-consolidation. This 
magnitude is expressed by: 


ie sot XCty cos 1 - - - [3.9(b)] 
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Fig. 3.2 Pore Pressure at the Thaw Front 
of a Thawing Infinite Slope 


a = 
Fig. 3.3 Balance of Forces on a Thawing Infinite Slope © 
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where Y3 X(t) cos i is the normal stress on the thaw plane pro- 
duced by the effective unit weight of the thawed soil. The pore 


pressure due to the surcharge is shown in Figure 3.2(c) and is 


given by: 
p : 
U 9 cos 1 erf(R) Tee oroen 
y erf(R) +e 3 
Vien kK 
where P cos i is the normal pressure exerted by the surcharge on the 
thaw plane. 
ag R = ] and 
Dee saa 
2R2 
fee Ort R 
A actin) Soe pa 
va7R 
Uy = eX (ity)mGOS, 1 1" ti Y3 WGt)ycos 1. Ro + Be cos 1 Ro = = = [3.9tdy 


R' and R'' may be evaluated from Figure 3.4 and 3.5 respectively. A 
Statical balance of forces applied at the thaw front as indicated by 
Section a-a in Figure 3.3 results in a factor of safety: 


pa Oy (1 RE) + vy! XE) = RY tanga ah 
Dy} + Y3 X(t) tan j , 


where YY and ¥3 = total unit weights of the surcharge and the thawed 


Soil respectively. 


3 


effective unit weight of the thawed soil. 


angle of inclination of the slope. 


If the depth or unit weight of the surcharge is zero, the equation 


becomes : ' 
Y ' 
lai 1, tan ah IM 
ee tan, Felt id 


which is in agreement with McRoberts (1972) and McRoberts and Morgen- 
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Fig. 3.4 Pore Pressure Factor (R') (self weight only) for 
Different Thaw Consolidation Ratios (R). After 
Morgenstern & Nixon (1971). 
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Different Thaw Consolidation Ratios (R). After 
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4j. 
stern (1974). Equation [3.10] produces an approximate and slightly 
unconservative solution because the procedure underestimates the pore 
water pressures and therefore overestiinates the factor of safety. 
If the rate of thaw is plotted as in Figure 3.1 and modelled from 
equation [3.8], R' and R'' as obtained from Nixon and Morgenstern (1973) 
will be larger and the factor of safety will be proportionately 
Smaller. The relative magnitude of these safety factors will be 


compared later. 


3.4 Numerical Procedure For Design 


The need for a numerical procedure to analyze the stability 
of a thawing slope covered with insulation and surcharge load is 
based on the lack of a suitable analytical method to evaluate pore 
water pressures for rates of thaw that are not proportional to the 
Square root of time. A program was developed to compute the depth of 
thaw from equation [3.6] and uses a Crank-Nicholson finite difference 
Procedure to solve the equation of consolidation subject to the boundary 
conditions at the thaw line (Nixon, 1973). The factor of safety is 
computed from: 

1 3 
where U(N) is the pore pressure due to thaw consolidation and sur- 
charge loading acting at the thaw front, and the other terms are as 
defined previously. This equation is identical to equation Rep ene 
except for the pore pressure term (U(N)). 
The input parameters are: 
1) thermal conductivities of layers 1, 2 and 3 


(ca1/c° cm sec) (Kersten, 1949 and Table 3.1); 
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TABLE 3-1 


PHYSICAL AND THERMAL PROPERTIES OF 
VARIOUS INSULATING MATERIALS 


Material Moisture Density Specific Therma | - 
Content % gm/cc Heat Conductivity 
cal/gm C cal /0, fseae 
1) *Styrofoam HI Dry 0.052 0.28 7.9% 1007 
2) *Polyurethane Dry 0.03 to 0.08 0.28 5.5.x 10> 
3) *Fibreglass Dry 0.048 0.16 Brot TOT. 
2) *Woodchips 37 0.26 0.33 ret 
3) *Sawdust or -4 
shavings Dry 0.19 0.33 1.6 x 10 
4) *Peat Varies with water content 
1)* Dow Chemical (1972) 
2)* Smith, Berg and Muller (1973) 
3)* ASHRAE (1963) 
4)* Dept. of Army (1966) 
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43; 
trial thickness of insulation (m); 


the equivalent step temperature G 


C); 

the length of the thawing season (days); 

the coefficient of consolidation of the parent 
material (emai sec) 

the grid spacing in the parent material (a Suit- 
able depth increment is = 0.040 m); 

the thickness and unit weight of the surcharge 
respectively (m and kN/m°?) ; 


the specific gravity of the soil solids in the parent 


material; 


‘the total and unfrozen water contents of the parent 


material (expressed as a ratio of gms of water/gms of 
dry soil); 

the effective angle of internal friction of the parent 
material ; 

the angle of the slope with the horizontal (oy. and, 
the number of times output is desired over the length 


of the thaw season. 


The output information consists of elapsed time, the depth of thaw, the 


pore pressure depth increment profile, the effective normal and shear- 


ing stress at the thaw front, and the factor of safety against failure. 


If pore pressures and corresponding factors of safety are 


to be computed throughout the thaw season, then an equivalent surface 


Step temperature must be used in equation [3.6]. This temperature is 


a function of the air thawing index (Thompson, 1963), a surface index 


factor (N) (Dept. of U.S. Army, 1966), and the length of the thaw 
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season (Burns, 1973). 


eo SATE ON 
Thus is: = Length of thaw season aida sl 


On the other hand, if pore pressures and factor of safety are desired 
only at the end of the thaw season when the thaw depth is at its max- 
imum value and the factor of safety is at its minimum value, then 
only the surface thawing index need be used in equation [3.6]. 

The surface thawing index is the product of the surface temperature 
Ts and the total length of the thaw season. Generally, the time (t,) 
required to thaw through the gravel surcharge will not be significant 
and may, therefore, be ignored. This simplifies the computations and 
Provides a more conservative answer. The number of days that are 
chosen to represent the length of the thaw eeeeon is not particul- 
arly critical, for it is the product of the length of the thaw season 
and the step temperature which governs the maximum depth of thaw 

and is, therefore, of interest in the final analysis. It is, 
however, conservative to choose a slightly shorter thaw season and 

a correspondingly larger step temperature. Under these conditions 
larger pore pressures are generated in the early stages of the thaw 
Season and therefore accentuate any critical condition that may 

Occur at that time. 

The actual temperature boundary conditions are approx- 
imated more closely by a sinusoidal variation rather than a surface 
step temperature. It is of interest to note that this former temp- 
erature variation will produce larger rates of thaw and therefore 
larger pore water pressures in mid-season than does an equivalent 
step temperature boundary condition (Nixon and McRoberts, 1973). 


At late stages in the thaw season the velocity of the thaw front is 
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reduced and eventually goes to zero when the thaw depth reaches its 
maximum value. Although the factor of safety of the slope decreases 
with increasing thaw depth, it is unlikely that the increase in the 
velocity of the thaw front at mid-season combined with a relatively 
Shallow depth of thaw would seriously decrease the factor of safety 
| at that time. On the other hand, the reduction in the velocity of 
the thaw front at the end of the thaw season diminishes the severity 
of the condition of decreasing factor of safety with increases in 
depth of thaw. 

Estimates of thermal conductivity for the surcharge (K,) 
andin situ material (K,) may be obtained from Kersten (1949). These 


values must be multiplied by 4.13 x 107° 


to change the units to 
cal/em °C sec. Table 3.1 lists the thermal conductivities (K,) of 
various insulation materials that may be used. The surcharge material 
will provide some small but significant insulative value. The U.S. 
Army and Air Force (1966) suggest that one layer of material may be 
converted to an equivalent thickness of another from the ratio of 
their diffusivities. If the simple Stefan solution is employed to 
calculate the rate of thaw, then the ratio of the conductivities may 
provide a reasonable and conservative evaluation of the insulating 
effect of the sand/gravel surcharge. It should also be noted that 
the latent heat effects of the surcharge and insulation have been 
omitted from the computations. This term acts to retard the rate 

of thaw through these upper layers and therefore essentially reduces 
the length of the thaw season. On the other hand, the large water 
contents associated with significant magnitudes of latent heat increase 


the thermal conductivity of these materials and reduce their insulating 
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46 . 
value. It was, therefore, considered preferable to neglect the 
latent heat effects of the upper layers and assume that the time to 
thaw through these upper two layers (to) in equation [3.6] be equal 
to zero. 

Values of the coefficient of consolidation (Cv) may vary 
from 1 x 107 UO: 5 *xX 10% cm.*/sec. for materials encountered in 
the active layer at a number of sites in the Mackenzie Valley 
(Roggensack, 1975). Test results also indicate that Cv will decrease 
with depth to values in the order of 3 x 107° cm. °/sec. when tested 
at pressures equal to or greater than the effective overburden. 
The minimum value that may be encountered will not likely be less 
than 5 x 1077 cm.*/sec. (ibid). However, when cuts are made in 
this material, the soil will be thawing under low normal stresses 
and the tendency for consolidation will be minimal. The values of 
Cv quoted for the active layer are therefore considered to be app- 
ropriate for the majority of the situations encountered in this 
region of the Arctic. 

Values of ¢ will vary from 20 to 24 degrees for the pre- 
dominantly illitic clays found in this region (ibid). The effective 
cohesion intercept has been considered as zero for the purposes of 


computation. 


6.5 Design Charts 


A series of design charts have been prepared for use in 
determining the appropriate thicknesses of insulation and surcharge 
that may be required to stabilize thawing slopes in frozen Soils 
(Figures 3.6 to 3.17). These charts establish the relationship 


between the factor of safety of a thawing slope and the factor of 
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safety of the same unfrozen slope with steady state seepage pore 


pressures only. The ratio F thaw/F seepage is plotted against the 
coefficient of consolidation. Four curves appear on each plot indic- 
ating conditions for surcharge loads varying from 0 to 18.0 kN/me 

(0 to 375 psf): 

Three surface thawing indices, (1,500; 2,500 and 3,500 C° 
days ) were chosen to embrace thawing conditions extending from the 
latitudes of Fort Simpson to the Beaufort Sea. Four water con- 
tents varying from 20 to 50% span the range likely to be encountered 
for most problems. The ratio of K3/K, H indicates the effective 
insulation thickness. The three values of 0, 1.52 m (5.0 ft.) and 
3.05 m (10.0 ft.) provide the necessary range for typical conditions. 

The factor of safety varies with time, decreasing with 
increasing time and thaw depth. Therefore, only the minimum values 
that correspond to the maximum thaw depths have been considered. 

The total unit weight of the surcharge was taken as 
19.6 kN/m? (125 pcf) with a water content of 12% and a thermal conduct- 
ivity (K, ) of 0.0065 cal/°C cm. sec. The permafrost was assumed to 
be saturated and the soil grains to have a specific gravity of 2./0. 
Thaw depths were computed using unfrozen thermal conductivities (K3) 
that vary with water content according to Kersten (1949). The unfrozen 


water content was assumed to be zero. 


3.6 Example Problem 
The information for the example problem regarding soil, 


insulation, climate, and desired factor of safety appears in Table 3-2. 
The solution is obtained by referring to Figures 3-6 to 3-17. 


Trial I determines the thaw depth and the F ratio for the 
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Slope after disturbance, but without insulation or surcharge. The 
results are obtained by linear interpolation between soil water con- 
tents of 30 and 40% and surface thawing indices of 1,500 and 2,500 Ge 
days. 


Trial II determines the thaw depth and F ratio for a ee H 
K 


2 
ratio of 1.52 m (5.0 ft.) and a surcharge load of 18.0 kN/m< (375 pst) 


(1 m of surcharge) for the same water content and surface thawing 
index. An F ratio of 1.47 was obtained for this combination of 
insulation and surcharge. 


Trial III produces results for a Maat value of 2.3 m (7.5 ft.) 


K 
and a surcharge load of 12 kN/mé (250 psf) C 0.6 m of sand/gravel). 
An adequate F ratio is obtained with this combination of surcharge and 
insulation. 

Linear interpolation for thaw depth between thawing indicies 
produces negligible error. However, linear interpolation between aH 
values of 0 and 1.52 m causes a maximum of 8% overestimation of e 
the thaw depth. Overestimation of thaw depth between at values of 
1.52 m and 5.05 m is not significant. "2 

Both Trial II and Trial III solutions are viable but it is 
probable that Trial II would be more economical depending on the rel- 
ative availability of surcharge and insulating materials. However, 
the thaw depth in Trial II is approximately 20% greater than in Trial 
III. This may be a distinct disadvantage if the lower material is 
Significantly inferior to the surficial deposits. Trial II would 


require approximately 15 cm. (6 in.) of woodchips along with | m GS ee) 


of sand/gravel surcharge. If styrofoam board were used approx- 
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imately 4 cm. (= 1.51 in.) would provide the same cH value. 
2 
If the same problem is solved by direct hand computations, 
the thaw depth is computed from equation [3.3]. The modified thick- 


ness of insulation is determined from: 


Ko 
HE = H + XK, DEP - - - [3.14] 
] 
where H = thickness of insulation 


DEP = thickness of sand/gravel surcharge 


K and K., are the thermal conductivities of the surcharge 
and insulation respectively. 0 is determined from equation [3.3], 

R from equation [3.5], R' and R"' from Figures 3.3 and 3.4 and F 
from equation [3.10]. The results are shown in Table 3-3. 

Figure 3-1 illustrates the manner in which the thaw depth 
varies with time for the combination of insulation and surcharge rep- 
resented by Trial II. The thaw depth is almost linear with time, 
indicating a reasonable value of n (in equation [3.8]) equal to 1. 
R' and R" may be evaluated from Nixon and Morgenstern (1973) and F 
computed from equation [3.10]. The results appear in Table 3-4. 

A comparison of the values for factor of safety in this 
example indicate a slight variance in the magnitude depending on the 
method chosen for evaluation. The maximum value of the difference in 
this example is less than 10%. Since it is impossible to predict 
the various soil and climatic parameters required for the solution 
within this tolerance, it may be concluded that all methods produce 
acceptable values for design. The design charts are favoured in a 
choice of methods because of their convenience. The numerical proc- 


edure provides a more exact solution and generates data throughout 
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the complete thaw season. The choice between the latter two methods 
will, therefore, depend upon the extent of the information required 


in the design project. 


Ser Recommendations For Installation 

Since there is little documented experience regarding the 
actual performance of such installations, the following section is 
not intended to provide a detailed contract specification, but 
rather to highlight some of the more important aspects of the topic. 
Each site will demand innovative methods depending upon location, 
geographical setting, accessibility and a host of other logistic 
problems. 

The ideal time for installation of the stabilizing materials 
would be in late winter or early spring when the permafrost is at 
its minimum temperature. It is intended that the placement of the 
insulation precede that of the surcharge. It may, however, be 
necessary to dress the slope with a layer of sand and gravel to pro- 
vide a uniform surface for the insulation. 

It is imperative that adequate drainage be provided directly 
above the permafrost to prevent the possibility of impeding the 
dissipation of excess pore water pressures. This may be most readily 
achieved by placing a four to six inch granular inverted filter or 
perforated plastic drainage pipe embedded in a herringbone pattern 
within a layer of sand immediately adjacent to the base material. 

Insulation in the form of styrofoam board, wood chips, saw- 
dust or planer shavings would then be placed over this drainage facility. 


Some consideration might be given to prevent these insulating materials 
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from absorbing excessive surface run-off and thus increasing their 
thermal conductivities. Styrofoam board will absorb 0.25% water by 
volume (Dow Chemical, 1972) and this smal] amount of moisture reten- 
tion will not measurably affect the thermal characteristics of this 
material. Similar data is not available for foamed in place poly- 
urethane but it is reasonable to assume that its water retention 
characteristics would be somewhat greater than the extruded styrofoam 
board. Increases in thermal conductivity with increasing water 
content in planer shavings and wood chips are also not known. How- 
ever, these materials may be protected with an overlay of polyethylene 
plastic that would help to prevent substantial increases in water 
content. Surface runoff should be diverted by construction of 
smal] diversion dykes above the slope rather than by ditching. 

The surcharge material, consisting of a sand/gravel mixture 
Capable of sustaining plant growth forms the upper layer of the 
Stabilizing components. This material must be end dumped and worked 
down the slope using all reasonable care to prevent disturbance of 
the underlying materials. It is necessary to ensure that this material 
is sufficiently resistant to erosion to maintain it in place prior 
to re-establishing vegetation on the slope. 

Re-vegetation procedures should take place subsequent to 
the final trimming of the slope. It would be desirable to apply the 
seed in the form of hydro seed at the beginning of the growing season. 
The choice of plant species should be made in accordance with the 
results of on-going research experiments being conducted in the arctic 


and sub-arctic regions. 
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3.8 Longterm Performance 

The most critical conditions regarding pore water pressures 
and stability will not necessarily occur during the first season of 
thaw. During this period of time, the soil will be consolidating 
under the imposed surcharge load and the water content will be reduced 
accordingly. Freeze back in the fall will not occur until movement 
of the thaw front has ceased and the pore water pressure hag essentially 
dissipated. Therefore, there does not appear to be any danger of impeded 
drainage due to freeze back from the surface. During the second 
season of operation the = ratio will be increased because of the 
increased thermal Bhavan, Fens of the soil due to the decrease in 
water content. However, this increase is not large enough to limit 
the melting to the same level during the first year. As a consequence, 
the thaw line will be penetrating the material below the maximum thaw 
depth of the preceding year, resulting in a smaller factor of safety. 
The magnitude of the decrease is less than 10% for the extreme condition, 
where the water content is reduced from 50 to 20%. These changes in 
factor of safety from one season to another are generally not considered 
to be significant. However, the designer may wish to choose a slightly 
larger initial value for the factor of safety in view of the fore- 
going. Increased thaw depth during subsequent years will not be sig- 
nificant. As vegetation is developed on the slope the surface heat 
balance will change and the surface will experience cooler temperatures, 


resulting in a decreased thaw depth and increased Stability. 


3.9 Choice of Insulation 


A number of different insulating materials have been listed 
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in Table 3-1 for consideration. The final choice of material for 
each location will be made on the basis of availability of the material, 
the ease of placement and ultimately, the cost in place. A detailed 
economic analysis is beyond the scope of this presentation and the 
following discussion is only meant to provide guide lines for the 
designer in his choice of material. 

Styrofoam board is readily available in southern Canada and 
may be shipped by rail f.o.b. Hay River, N.W.T. for approximately 
17 cents per board foot (1974 quotation). This material is easy to 
Place but requires a significant amount of unskilled hand labour. It 
has a low value of thermal conductivity, low water retention charact- 
eristics and a high compressive strength. It is not biodegradable, 
which may or may not be an advantage. 

Polyurethane (foamed in place) has insulative qualities 
Similar to those of styrofoam. It requires a high level of expertise 
and sophisticated equipment for placement. As a comparative cost, 
this option has been quoted (Edmonton, 1974) at 25 cents per board 
foot for material and $1.00 per square foot for placement. Mobile 
equipment is available for transport into remote regions. 

Large quantities of planer shavings are available at points 
as far north as High Level, Alberta. Small quantities may be available 
from local saw mills in the southern part of the Yukon and Northwest 
Territories. The cost of this material is very low. On the other 
hand, transportation costs fay be very high. Placement is simple, 
requiring combined machine and hand Crees Plastic sheeting should 
be used to encapsulate the shavings and prevent excessive increases in 


the water content. This insulating material may undergo a substantial 
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amount of compaction under the influence of the surcharge load. Some 
reduction in insulative quality will undoubtably result. Placing 
90-75% of the surcharge below the shavings would help to alleviate 
this problem. Planer shavings and sawdust are biodegradable which 
may be a desirable aspect. 

Woodchips, as used in the example, appear to possess con- 
Siderable merit aS an acceptable form of insulation. They would be 
manufactured near or on site with a connmeeciay wood chipper using 
trees cleared from the right of way. However, careful assessment 
must be made of the quantity of trees available for this purpose. 
For example, a 100 foot wide right of way might require 9 in. of 
wood chips for insulation. One hundred lineal feet of this right of 
way would require 7,500 ft>. At 17 pcf, 12,750 lbs. of wood chips 
are required. Assuming green spruce or poplar weighs approximately 


: 


40 pcf, then 3,200 ft~ of wood are required. If a cord of wood has 


a porosity of 20%, then the volume of solids per cord of wood is 
approximately 100 Ft, There fore, 32 cords of wood per 10,000 sq. 
feet of area are required. This is a substantial amount of wood and 
forestry personnel eHoutd be consulted regarding estimates of the 
availability of these quantities in the areas where they are required. 
‘Environmental restrictions will generally make the on-site 
mining of peat moss impractical. If the material is gathered locally, 
it must be dried to obtain a suitable moisture content and correspond- 
ingly low coefficient of thermal conductivity. Transporting processed 
peat moss from southern Canada to northern regions is generally con- 
Sidered to be impractical when compared with artificial insulation 
materials. It, therefore, seems reasonable to conclude that wood 


chips, planer shavings or styrofoam board are the three prime contenders 


in the choice of insulation. 
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Fig. 3.16 Design Charts for Stabilization of Planar Landslides 
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Fig. 3.17 Design Charts for Stabilization of Planar Landslides 
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CHAPTER IV 


THE ENERGY BALANCE 


4.1 Basic Concepts 


The energy balance at the surface of the earth may be 


expressed in terms of a mathematical equation: 
BOSeeeedSe RS 4 71 ja | ep aden Sos alc 0 ae ore 


The symbol q _ represents energy per unit of area per unit of time 
and has units of gm. cal/em min. or simply ly/min. The subscript 
refers to the source of this energy. The equation is written with 
all terms positive. If the direction of energy flow is toward the 
Surface of the ground, the sign will be positive and if energy flow 
is directed away from the surface, the sign will be negative. This 


convention also applies to heat flow below the surface. In equa- 


tion [4.1]: 

Gps = direct beam short wave energy from the sun. 

Was = diffuse short wave energy from the sky. 

Gps = short wave radiation reflected by the earth's 
Surface. 

Wp 7 long wave radiation directed downward from the 
atmosphere to the ground. 

Giiye. long wave radiation emitted by the ground surface. 

q, = the transfer of energy to or from the surface 

L through the latent heat of vaporization or con- 

-densation. 

q, = the transfer of energy by sensible heat to or 

H from the surface by turbulent or convective 


processes. 


q, = the gain or loss of energy through the addition 
P of sensible heat due to precipitation on the 


surface. 
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I = the transfer of energy to or from the surface 
through the ground. 


4.2 Radiative Components on a Horizontal Surface 
4.2.1 General 


All bodies radiate thermal energy, the intensity and 
spectral digeribution Of which is a function of the temperature and 
emissivity of the body. 

A "black body" is a body or object that completely absorbs 
all radiation (at all angles) incident upon its surface. It is also 
a perfect emitter at all wave lengths. The emissivity (ce) of a body 
is the ratio of the emissive power (E) of a body at absolute temp- 
erature (T) to the emissive power of a black body (E, ) at the same 
absolute temperature (T). Thus, 


e = E/E, - - - [4.2] 


Radiation is characterized according to wave length (A) 
usually measured in microns (uy). The spectral distribution ranges 
from some small, but finite value (.10u) to wave lengths in excess 
of 50u. 
| Planck (1959) used quantum theory to derive the hemi- 


spherical emissive power of a black body. 


a - [4.3] 
EA. = =F --- [4. 
ba . (ec2/ At <a 
where C, and C, are constants and EBA is the emissive power at 


c O 3 
wave length X and absolute temperature (T) expressed in K. Fig- 
ure 4.1 indicates the manner in which black bodies emit energy at 
different temperatures and wave lengths. It also shows that the max- 


imum energy emitted by a black body occurs at some unique wave length 
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Fig. 4.1 Monochromatic Emissive Power for Several Temperatures 
vs Wavelength (After Wiebelt (1966) ) 


associated with some unique temperature. If equation [423] is 
differentiated partially with respect to wave length and set equal 

to zero, the equation i ay T = constant emerges where i Tae is the 
wave length corresponding to the maximum emissive power (Wien, 1894). 
The Wien's Displacement Law indicates that the peak intensity of 
emitted radiation occurs at a wave length which is inversely propor- 
tional to the absolute temperature. It is evident that so called 
"hot bodies" radiate maximum amounts of energy at short wave lengths 
and cooler bodies radiate at longer wave lengths. The sun, at approx- 
imately 6 ,000° K, has its peak emissive power in the 0.47 to 0.49 
range, whereas the earth at approximately 300° K emits at a peak 
erst ty of 11 to 12 pu. It is of interest to note that 45% of the 


emitted energy in the solar spectrum falls within the visible range 


of 0.4 to 0.74 up (Sellers, 1965). Short wave radiation is generally 
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considered to be all that radiation less than 4 u in length. 
The Planck equation for emissive power in monochromatic 
wave lengths may be recast and integrated over all wave lengths to 


form the Stefan-Boltzman equation. 
4 
Ea2 oT --- [4.4] 


This equation describes the energy emitted by a black body in all 

wave lengths at absolute temperature (T) and where the Stefan-Boltzman 
constant (co) equals 8.26 x in. ly/min. oye If the emissivity (¢) 
is included, then the equation describes the manner in which bodies 


other than black bodies emit radiation. 


4.2.2 Direct Beam Clear Sky Solar Radiation 


As solar radiation passes through the atmosphere it is 
selectively scattered and/or absorbed by gases and impurities in the 
air. Ozone absorbs all the energy at wave lengths less than 0.3 u 
and selectively up to 0.35 u.: Water vapour effectively prevents solar 
radiation longer than 4.0 u from reaching the ground. It selectively 
transmits in the 11 to 13 u range and this accounts for the signif- 
icant influence of long wave radiation. 

Carbon dioxide is the only other gas in the atmosphere that 
absorbs radiation. It will, however, absorb only in two narrow bands. 
The first band occurs between 0.29 and 4.0 u» and the second between 12 
and 16 u (Simpson, 1929). 

Actual depletion of a direct ray of radiation is a function of 
the composition and thickness of the medium through which it passes. 
The ee of direct beam radiation (on a plane normal to the beam) 


reaching the earth's surface is commonly expressed by Beer's Law. 
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where DSN is the flux of energy transmitted to the earth by 
direct short wave radiation. 


coefficient of extinction. 


ao) 
i 


m = thickness of the medium traversed by the beam or 
commonly called the optical air mass. 

This quantity m may be adequately approximated by !/cos z (where z 
equals the zenith angle of the sun) for angles of z less than 80 degrees. 
The solar constant (J) is defined as the intensity of solar radiation 
received on a unit area of a plane normal to the incident radiation 
at the outer limit of the earth's atmosphere with the earth at its 
mean distance from the sun. The magnitude of this constant varies 
within limits of + 1.5%. List (1968) proposes a value of 1.94 ly/min. 
Occasionally adjustments are made to Jo that take the form of Join 
where r, the radius vector of the earth, is the distance from the center 
of the earth to the center of the sun expressed in terms of the length 
of the semi-major axis of the earth's orbit (ibid). This variation 
in distance produces a variation in intensity of + 3.5%. 

The term e © is alternately called the transmittance (a). 
This parameter is a function of scattering due to air molecules and 
water vapour as well as absorption of radiation by water vapour. The 
amount of radiation reaching a horizontal plane on the earth's surface 


may then be written as 


ar pee [ae 
Ansy = Joa 60S z : [4.6] 


where z again represents the zenith angle of the sun and can readily 


be expressed in terms of the declination, latitude and the hour angle. 
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If the designer wishes to calculate or estimate the amount 
of direct beam radiation reaching the surface of the earth, he must 
in some way be able to evaluate the transmittance (a). 

The classical approach to calculating direct beam radiation 
at the surface of the earth has been to express it as some fraction of 
the direct beam radiation incident upon a horizontal surface at the 
Outer limits of the atmosphere. Thus the ratio Qosu/ IpsHE = cig (and 


11 
as = a”) 


must be determined. ao is defined as the atmospheric trans- 
mission coefficient. The subscript E indicates extraterrestrial. 
Kimball (1928) has prepared charts which allow the evaluation of at 
for different values of the precipitable water in the air (w) and 
various values of the optical air mass (m). 

For example, if the amount of precipitable water is 30 mm 
and a low to moderately dusty atmosphere prevails, the transmission 
coefficient a for m = 1 is 0.63'and for m= 5, Se = 0.28. Thus 
the length of path of the sun's rays through the atmosphere is of 
extreme importance in affecting the reduction of solar intensity. 

The reader is referred to Klein (1948) for the most lucid presentation 
Of the technique. 

The amount of precipitable water in the atmosphere is that 
amount of water that would be obtained from a column of air extending 
from the earth's surface to the top of the atmosphere. The magnitude 
of this parameter can be related to the moisture in the air at the 


surface of the earth which in turn is a function of the dew point temp- 


erature. Reitan (1963) suggests the relationship 
Inw = a+b (t,) - - - [4.7] 


where w = the amount of precipitable water vapour in the air (cm). 
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a = 0.110 and b = 0.6174. 


Similar equations have been suggested by Threlkeld and Jordan (1958), 
Brooks (1959), Stephenson (1967), and ASHRAE (1967). The amount of 
precipitable water may be adjusted for elevation when sites are in 
excess Of 2,000 feet above sea level (Klein, 1948, Threlkeld and 
Jordan, 1958). 

Direct evaluation of the precipitable water may be omitted 
if published values of the apparent extention coefficient (8) are avail- 
able (ASHRAE, 1967, Sadler, 1978). The precipitable water and scatter- 
ing are considered as a monthly average and the values have been det- 
ermined experimentally and tabulated for each month of the year. 

The accuracy of computed values of clear sky radiation is 
reasonably good for most unindustrialized areas of the aya: However, 
the value of such computations is not always evident in most micro- 
meteorological problems. Cloud cover has a profound effect on direct 


beam radiation and must be considered in most practical problems. 


4.2.3 Diffuse Clear Sky Radiation 


A significant part of the direct solar radiation which has 
been scattered and diffusely reflected in the atmosphere by molecules 
OTalrs Pere vapour and dust arrives at the earth's surface unchanged 
in wave length. This portion of short wave radiation is known as 
diffuse radiation and is in excess of the direct beam radiation. 

Kimball (1935) has suggested that -- "about half the radiation 
lost from the incoming rays through scattering and diffuse reflection 
is finally received at the ground as diffuse radiation from the sky". 


The total depletion by atmospheric scattering and diffuse reflection 
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le 
can be expressed as: 


s=l- a - - - [4.8] 
where a is the transmission coefficient after scattering by air 
and water molecules. It differs from the previous transmission coeffic- 
ient a in that it does not include water vapour absorption. Thus 
for a given amount of precipitable water in the atmosphere a value for 
z may be obtained from Figure 4.2 and a scattering coefficient cal- 
culated from equation [4.8]. The quantity of short wave diffuse radiation 


incident upon a horizontal surface may be estimated as: 


Gees Jo cos zeS. (0.5) --- [4.9] 


Typical values of S range from 0.11 to 0.20. These values agree reason- 
ably well with Stephenson (1967). 

A technique devised by Lui and Jordan (1960) to estimate 
diffuse radiation appears to have significant merit. They suggest 


the equation: 


0.2710 - 0.29391) - - - [4.10] 


where = tq = Gasy/IpsHE and 
T) = Insu/ApsHe. 


If a value of total short wave radiation is available the equation 


may be written as: 


Tq 0.3840 - 0.4160t- - -- [4.11] 


where ty = (psy * SasH)/SpsHE. 
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A better procedure, also by Lui and Jordan (1960), is to use Figures 4.3 


and 4.4 which relate the ratio 


Kr = (Open * Vas) /Spsne to 

QasH! (Snsy * Susi) where Q 
represents monthly average daily totals and the subscripts are as before. 
It is assumed that (Qnou + Qasy? is available from measurements. With 
this information the diffuse component can readily be estimated on 
an average monthly daily basis. 

Partitioning of diffuse and direct radiation may also be 
accomplished by relating the ratio of direct beam to total radiation relative 
to the sun's zenith distance (List, 1968). 

London (1957) also provides a chart relating the ratio of 
direct to diffuse radiation for various latitudes and months of the year 
(Figure 4-5). The advantage gained in using London's chart is that it 
considers the effect of latitude. It is, however, interesting to note 
that Figure 4.4 shows no significant difference in results from latit- 


udes ranging from 42° to 60° N. 


4.2.4 The Effect of Clouds 

All discussion to this point has referred to clear sky rad- 
iation only, except for the treatment of diffuse radiation by Lui and 
Jordan (1960). By using the proper transmittance with adjustments made 
for dust particles reasonable values of clear sky direct beam radiation 
are readily obtainable from one or more of the previous references. 
However, by far the largest variation in the portion of solar radiation 
transmitted to the earth through the atmosphere is caused by cloud cover. 


Different relationships involving estimated cloud cover have 
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Fig. 4.3 Extraterrestrial Daily Radiation Received on a 
Horizontal Surface (After Lui and Jordan, 1960) 
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been suggested by various authors. Difficulties arise with these 
methods because of variations in the height, type and distribution 
of the clouds. The subjective nature of such estimates tend to 
detract from this approach. 


Kimball (1928) suggested: 


IstHa/ IsTHc = a+b (1-n) - - - [4.12] 
where AsTHA ~ actual total short wave radiation. 
AstHc * clear sky short wave radiation. 


a and b are constants and n is the cloud cover in tenths. 
Quadratic functions of n have been suggested by Mateer (1955). 
Budyko (1956) suggests: 


SSrHAnicrHe gr (eon th“ blOwneen (ys 4-13] 


where k depends on latitude, climatic region and season of the year. 
The reader is referred to Sverdrup (1942), Newman (1954), and Haurwitz 
(1948) for more details on cloud cover in relation to total radiation. 

The other approach commonly used is an equation expressing 
the actual radiation to total radiation as a function of sunshine. 


The general form of these relationships are: 


AstHa/Istuc 7 2 + b-S > - > L414 
(List, 1966). 
where a and b are empirical constants 


S = ratio of actual hours of sunshine to the total 
possible hours of sunshine. 


Typical values of a and b are 0.35 and 0.61 respectively. Additional 


details regarding similar equations may be obtained from Fritz and 
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MacDonald (1949), Hamon et al (1954), Vowinckel and Orvig (1962) 


and others. 


4.2.5 Summary of Short Wave Radiation 


It is apparent that accurate calculations of solar radiation 
quantities other than clear sky values may be somewhat futile. However, 
weather bureaus throughout the world provide meteorological stations 
that record various and sometimes all of the components of short wave 
radiation. Summaries of radiation in Canada and the United States 
are contained in Monthly Radiation Summaries published by the Meteor- 
Ological Service in Canada and National Summary of Climatological Data 
by the U.S. Weather Bureau. 

However, many of the remote stations only record total short 
wave radiation on a horizontal surface (Gora) and it may be necessary 
to separate the two components when considering the amount of radiation 
incident upon a sloping surface. 

The direction of the flow of energy associated with short 
wave radiation is always positive, i.e. the energy flows from the 
atmosphere to the ground. Typical clear sky intensities of solar 
radiation as the sun approaches the zenith at elevations of 2,000 ft. 
or less above sea level during the summer in the middle north to 
north latitudes are about 1.3 to 1.5 ly/min. Daily values in the 
same regions range from 400 to 600 ly/day in the summer months for 


average cloud conditions (Mateer, 1955). 


4.2.6 Short Wave Radiation Reflected by The Surface of the Earth (dpc) 


All the short wave radiation transmitted through the atmos- 
phere is not absorbed by the surface of the earth. A significant 


portion may be reflected back to space, depending primarily on the 
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84. 
color and composition of the surface. Most of this radiation will 
be lost to space but part of the diffuse component may again be 
scattered with half of this amount again returning to the ground. 
Generally this portion is quite small and can usually be neglected. 
However, studies involving solar heat gain may include this fac- 
tor (Klein, 1948). 

The ratio of the amount of short wave radiation reflected 
by a surface to the amount incident upon it is defined as the albedo 
(a). Thus the albedo of a perfect reflector and a perfect absorber 


would be 1 and O respectively. 


SROiSiHApT Ct ort a gee 


Values of albedo for different surfaces are shown in Table 4-1. 
Albedo is not necessarily a constant value for a given material. 
Changes in moisture content can change the albedo of a surface by as 
much as 30% (Table 4-1). Variations also occur with solar altitude 
and spectral changes in the radiation flux. Geiger (1961) indicates 
values may vary from 35 to 100% for dry sand and 7 to 100% for water, 
depending on the solar altitude of the sun. Spectral changes cause 
much less variation in albedo and are probably not significant in most 


instances. 


4.2.7 Net Short Wave Radiation 


The amount of short wave radiation absorbed by the ground or 


made available for heat gain of the soil is given by: 


ae : Spear aide 
Asta ~ Ses ~ SstHa (1-2) rales 


It is only this net amount of short wave radiation that can 
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TABLE 4-1 
ALBEDO OF VARIOUS SURFACES 


a ee ssn 


Surface Albedo (%) 1 Source 
Dry sand 35 - 45 ‘Sellers (1965) 
Wet sand 20 = 30 Sellers (1965) 
Light sand 30 - 60 Geiger (1965) 
Sandy soil 15 - 40 Geiger (1965) 
Fields 12 - 30 Geiger (1965) 
Woods 5 - 20 Geiger (1965) 
Dark soil | 7 - 10 Geiger (1965) 
Water Surfaces - 3e= 10 Geiger (1965) 


Tundra Surfaces: 


1. Shrub 16 - 17 Haag and Bliss (1974) 
2. Wet sedge 18 - 25 Haag and Bliss (1974) 
3. Winter road Jamul Haag and Bliss (1974) 
4. Burn 10 Haag and Bliss (1974) 


Borel Forest: 


1. Forest 14 Haag and Bliss (1974) 


2. Seismic line 13 Haag and Bliss (1974) 


Seeding Experiment on 
Winter Road: 


Control 15 Haag and Bliss (1974) 
Spring after use 8 Haag and Bliss (1974) 
Ist growing season 1155 Haag and Bliss (1974) 
2nd growing season 1322 Haag and Bliss (1974) 


3rd growing season 14.0 Haag and Bliss (1974) 
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86. 
be used to warm the surface, melt snow, evaporate water or be trans- 
ferred as heat to the soil below. 

The sign of this term is always positive as the albedo is 
always less than 1. The magnitude of this term varies from 20 to 85% 
of the incident radiation depending on the nature of the surface and 


the time of year. 


4.2.8 Longwave Radiation Emitted by the Ground Surface 


The earth is a source of terrestrial or longwave radiation. 
Since the temperature range is usually within 230 to 300° K, the infra- 
red spectral range is from 3 or 4 to 100 u. 

The earth's surface is assumed to be either a black body or a 
grey body within the spectral range quoted above. A grey body is one 
that emits a fixed proportion of the black body radiation in all wave 
lengths. Suggested values of infrared emissivity for natural ly 
occurring materials on the earth range from 85 to 100%, with more 
commonly accepted values of 95 to 97% (Table 4-2). 


The equation: 


4 
qu €,oT, peed Sayl¥i || 
where eb. % infrared emissivity, 
Le = surface temperature in ORG 


adequately describes the transfer of radiant energy from the earth to the 
atmosphere. The magnitude of this term ranges from 320 ly/day to 920 ly/ 
day for temperatures of 230 and 300°K respectively. The sign of this compon- 


ent of the heat balance equation is always negative. 
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TABLE 4-2 


INFRARED EMISSIVITIES 


(Percent) 

WATER AND SOIL SURFACES 
Water ---------------------------~------------------------- 92-96 
Snow, fresh fallen --------------------------------------- 82-99. 
Snow, ice granules ---------------------------------.----- 89 
Ice ------------------------------------------------------ 96 
Soil, frozen --------------------------------------------- 93-94 
sand, dry playa -----------------.------..-...--.----...-. 84 
sand, dry light ------------------------------------------ 89-90 
Sand, wet ---------------------------------.------------.- 95 
Gravel, coarse -----------------------+------.------------- 91-92 
Limestone, light gray ---------------------------------.-- 92-92 
Concrete, dry --------------------------+.----------------- 71-88 
Ground, moist, bare -------------------------------------- 95-98 
Ground, dry plowed --------------------------------------- 90 
NATURAL SURFACES 
Desert -~------------------------ pee cera an eee ene eee ee 90-91 
Grass, high any wa--------------- +a------------------------ 90 
Fields and shrubs ---------------------------------------- 90 
Oak woodland. ------------------------------------------.-- 90 
Pine forest ---------------------------------------------- 90 
VEGETATION 
Alfalfa, dark green -------------------------------------- 95 
Oak leaves ----------------------------------------------- 91-95 
Leaves and plants ---------------------------------------- 

QO ear aan as aa aa manana n Rann een an aa 5-53 

1.0p ------------- So ee i ne nam 5-60 

EL a a ee 70-97 

TO.Op -nnn nnn nnn nn nnn nn nnn nn nnn nn nnn cn nen nnn --- 97-98 
MISCELLANEOUS 
BADEN ters ann a a8 en enn ee ee 69-95 
Glass pane ----------------------------------------------- 87-94 
Bricks, red ---------------------------------------------- 92 
Plaster, white ------------------------------------------- 9] 
MOOc emp laned.00 kv === er ===— =n eo aan na ee eae oe 90 
Painitguwhdtes-s-se+<--#425-5-S2- tna S esc t eae so te=- sarees 91-95 
Bol tem ACK eae a cere an Ra reer ee ee ee ee 88-95 
Paintevaluminum =<--s-s-2<--ses=s-s5475-a2-sthes-sa5e-sHAet 43-55 
Aluminum foil -------------<9--9---9---2-- 995-22 99-------- 1-5 
lronyyga lwanized, -2“¢-s9se-8-5-25-44- 5-24-45" csp ssssse =o 13-28 
STi Welennn giLy.sDOL)SNEd (<=—="-92 ote ee ae are oa 2 
Skin, Numan, renge-S-che-s Peds Peer ts Pare Se see ste eee 99 


After Sellers, 1965 
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4.2.9 Longwave Radiation From the Atmosphere to the Ground 


Longwave atmospheric radiation originates from gases in 
the air, some of which absorb and emit radiation in the far infrared 
range. 

The amount of longwave radiation from the sky, as with short 
wave radiation is a function of cloud cover. Therefore, initial 
discussion will deal with clear sky conditions and the effect of cloud 
cover will be dealt with subsequently. 

The temperature of the atmosphere varies within relatively 
narrow limits of 200 to 300°K and within this range the elementary 
gases of the atmosphere emit no radiation whatsoever. Therefore, 
atmospheric longwave radiation originates from water vapour, carbon 
dioxide and other asymmetrical molecules present in the air (Simpson, 
1929). 

Carbon dioxide is present in relatively large quantities 
throughout the atmosphere, but it absorbs only within a very narrow 
band of the longwave spectrum. Water vapour is therefore the most 
important radiating gas in the atmosphere. 

Water vapour selectively absorbs energy as longwave radiation 
from the ground, energy from the transport of sensible heat from the 
ground and energy from the latent heat of condensation of water vapour. 
It then ae Tee this energy back to earth as longwave radiation. 
It, therefore, becomes important to understand the absorption character- 
istics of water vapour. 

For certain wave lengths of the spectrum water vapour absorbs 
(and therefore emits) as a black body, while at other wave lengths it 
absorbs only a portion, and from 8.5 to 11 u it is completely transpar- 


ent (ibid). This range of the spectrum is referred to as the "atmospheric 
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window (Sellers, 1965). As soon as radiation within this latter band 
of wave lengths leaves the earth's surface, it is effectively lost as 
far as the atmosphere is concerned. 

The problem has then resolved itself into one of estimating 
the amount of radiation emitted by a column of gas with varying compos- 
ition, temperature and pressure. The appropriate equation would take 
the form of an integral summing the downward radiation from a level Ze 
near the earth's surface to some level z a few thousand meters above 
the surface. 

Elsasser (1942) has developed a method to determine the 
contribution of various levels of the atmosphere to the total long- 
wave radiation received at the earth's surface. This method is quite 
complex and requires upper air soundings to determine the relevant 
air parameters. Meyers (1966) has computerized Elsasser's technique 
which relieves a great deal of the tedium otherwise required in the 
use of the radiation charts. 

The major problem associated with the computation of this 
term arises in the determination of the emissivity of the atmosphere 
at various levels. The emissivity of a column of air is a function of: 

i) the density-length product (m,,) of the water 

vapour. 
ii) the partial pressure of the water vapour (p.). 
iii) the total pressure of the atmosphere (P). 


iv) the temperature of the mixture (T). 


However, the emissivity varies only slightly for the range of Py and T 
encountered in the atmosphere, and therefore, it may be considered to 


be essentially independent of these two variables. The effect of 
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change in total pressure is usually corrected for by increasing or 
decreasing m in the ratio of EAE or yP/P, where be is the reference 
pressure and P is the pressure at whatever level is being considered. 
The increase in emissivity due to the presence of carbon dioxide can 
also be considered (Elsasser, 1949, Kondratyev, 1956 and others). 

Bliss (1961) has used these approaches and has reduced the 
required information to that of air temperature near the ground and dew 
point or relative humidity. The method requires the use of various 
charts and the reader is referred to the original publication for 
details. 

Since the majority of atmospheric radiation originates with- 
in the first few hundred meters above the ground and since it is this 
region that shows the greatest variability of the factors controlling 
the amount of radiation, it is, therefore, reasonable to attempt to 
relate air temperature and vapour pressure near the surface to incom- 
ing longwave radiation. 

Empirical equations relating longwave radiation from the sky 
to conditions prevailing near the surface are many and varied. How- 


ever, for the most part, they take the form of: 


4 
dp = oT, {fn (vapour pressure) } - - - [4.18] 


where the term in brackets is equivalent to the average emissivity of 


the atmosphere. 


Angstrom (1916) appears to be one of the first researchers 
to suggest an equation of this form. A reasonably complete listing 
of these equations is given by Sellers (1965). Brunt (1952) has sug- 


gested the ratio: 
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where a and b are constants and e is the vapour pressure in mb at 
the corresponding screen air temperature (T,)- 

A summary of the range of values of a and b_ found by 
various researchers is given by Goss and Brooks (1954). The value 
of the constant a ranges from 0.34 to 0.71 and the range of b is 


from 0.023 to 0.110 (Sellers, 1965). Median values are a = 0.605 and 


b = 0.048. Thus, the equation may be written as: 


4 
dp = oT. (0.605 + 0.048 Ve ) - - - [4.20] 


and can be used to estimate the quantity of long wave radiation emitted 
by the atmosphere on a synoptic basis. 

Typical values of atmospheric radiation from cloudless skies 
range from 400 to 600 ly/day (Dines and Dines, 1927) to as little as 
320 ly/day in mid-winter in the arctic regions (Vowinckel and Orvig, 
1964). The sign of this component of radiation in the heat balance 
equation is always positive. 

The effect of clouds is always to increase long wave atmospheric 
radiation relative to clear sky conditions. Any cloud which is visually 
Opaque is assumed to radiate as a black body at the temperature of 
the cloud base. - The effect of clouds is to close "the atmospheric 
window". The absorption spectrum of liquid water is similar to that 
for water vapour, however, the magnitude of the absorption is much 
greater. Even relatively thin clouds contain more precipitable water 
than is required to allow them to radiate as black bodies. 

Various equations are put forth to adjust the clear sky 


values to account for cloud effects (Sellers, 1965). Since the cloud 
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base is usually at a temperature less than the temperature of the air 
mass near the ground, the overall effect is to increase the downward 
radiation by only 15 to 25 per cent (ibid). Dines and Dines (1927) 
.present results to indicate increases of from 20 to 40 per cent of 
clear sky values due to cloud cover. | 

Anderson and Baker (1967) provide a convenient and apparently 
accurate equation for estimating long wave radiation from the sky. It 
is presented here to illustrate an alternative method of allowing for 


cloud effect: 


dip tuts = 4228.0,4 11.16 (ver ven)i qe a/qn,, = ara 
where ey = saturated vapour pressure at the surface air temperature; 
e. = actual vapour pressure at the surface air temperature; 
AsTHA ~ total short wave radiation on a horizontal surface 
measured at the site; 
AsTHc * calculated or measured clear sky radiation on a 


horizontal surface at the site. 


Thus AstHA/ ISTHC is a measure of cloud cover, haze or other 


impurities in the air. 

It Wout appear that a relationship involving the short wave 
radiation ratio is a better and much less subjective method of account- 
ing for the effect of clouds on downward long wave radiation. 

Long wave radiation from the sky is not entirely isotropic. 
This is due primarily tg the decrease in effective radiating atmospheric 
temperatures from the horizon to the zenith. It is, therefore, apparent 
that slopes or areas sheltered by a canopy of trees or similar obstruc- 


tion will record larger fluxes of downward atmospheric radiation than 


will areas exposed directly to the zenith. 
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4.2.10 Net Long Wave Radiation 


It has been established that the earth radiates as a grey 
body with an emissivity (e,) of less than one. Since the temperature 
of the lower atmosphere and earth are not remarkably different, it. 
is valid to assume that the emittance and absorptance of the earth 


are equal (Kirchhoff's 3rd Law, Wiebelt, 1966). Thus 
a 1-0) ety [4022 | 


= absorptance and 


= infrared reflectivity or albedo. 


The net long wave is, therefore, the difference between that absorbed 


and that which is emitted. It may be expressed as: 


Wn &s4ip 7 My L428 


Brunt's (1952) empirical equation for qN is useful in 
illustrating the sign and magnitude of this component of the heat 


balance. 


4 4 
Gy 7 e0iT, fatbve ).--T, 3 =.=) [4,24] 


where e. = emissivity of the surface, 


ihecactit temperature of the surface °K 
(usually measured at screen height), 


T. = surface temperature a 
e = vapour pressure of the air at screen height 
in mb. 
If the air temperature is considered to be approximately equal to the 


surface temperature, then the equation may be written as: 
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4 
diy = &s%la (a + be - 1) - - - [4.25] 


For average summer conditions in the middle north latit- 


udes, the following conditions are applicable: 


Eq = 0.95 
a = 0 605 
b = 0.048 
ini Ae 
o = 0.826 x 10 ly/min K 
(11.9 x 10° 1y/day °K ) 
: Bay OF. re) 
iS = I. LVeGu=r Loon K 


For this air temperature and a 5°C wet bulb depression the vapour 
pressure (e) = 20 mb. The term atbY e may be considered to be the 


average emissivity of the atmosphere (e,). Thus 


atbY e 
= 0.82 


Hence, for average conditions 


= -0.104 ly/min 
-150 ly/day 


LN 


Therefore, under these average conditions there is a net loss of 
approximately 6 ly/hr from the earth to the atmosphere. 

Although there is some diurnal and seasonal variation in 
net long wave radiation losses from clear skies with peaks occurring 
in the summer months, the average losses are usually tempered to 
Some extent by increased vapour pressure and cloudiness. 

A somewhat similar approach (but less fundamental) may be 
taken for evaluating the net long wave radiation balance using con- 


cepts and data provided by London (1957) and Vowinckel and Orvig (1964). 


— 
—— 


ya te Bitead 8 Lob rer ond 1a nae at Sonia, oes 


‘i 
one fr mi oat: (ee tae 

as i al eats! 
San) i x | : ] ‘ 

ae | i ae 4 O..* 

Tyme ot et od 

be i ' i ri oth a 

a Same a wd 


weaved OO x ase et Dy 


US pgeiialet ot Ot ee OEE 


; Oda SAE ot Reaa ch Ni al aa apie. ers tevqied ats. 


OF DANSU ‘SA oe ¥ Gat ee 7 bey, it oat te 08 ia 


ins ag i : aly os 
ba eden om oy teahma ts 


ay Ng a, fi Be A de a 4 a 

en = au : | ‘6.0 = “o a 

; ; ) a is. Mamta: a oe 
re i by ou ‘tis _gantatione sone 0 


Pree ot aye) De cae " 


vet lyt . ger? a 
uae: 


Ye gear Ssh 6 erhay ay satis soll re ay | 
is | " at i at 4 Ss ie ov 5 +4 # ; 

oy a i. set aig? si 5. to aie Salt 
B . eB 4 sae _ +i 


a a ri ai3 Shit Ey ja he L ett ye a 
rol) at aes win i, dor | bei wie baa 
ie an “payne a6 one ey vrrw Pte Az Te Bi Sh 


: sin 6 
ee ieee 
eh =e ‘i ial whe. Me v5 peeeat haben 
ce ies Yee : * So Tih 

AS ies ie, seem vata bane aueeet vo f 
i] , i” 1 
6 Frama? peek out di) aso 


aun a! 


tet) oui nF Bd HONE bat 
' - tev aati. bre pene poet ub rr 


7h y Ar 


oe ) 
an : | F on ae iat 7 
/ i = r ? 


got 


The latter authors suggest that the ratio 


pa’ ILy = G., where ipa ~ the component of atmospheric 
downward long wave radiation caused by absorption in the atmosphere 


of radiation from the ground (i.e. "the green house effect"). 
dy = long wave radiation from the earth's surface. 


| G. = 9) pa! Lp: where G. represents the ratio of the compon- 
ent of atmospheric downward long wave radiation caused by absorption 
in the atmosphere of radiation from the ground to the total downward 


long wave atmospheric radiation. Combining the two equations produces: 


ei eG iinet iekbanee Oe 
Substituting in equation [4.23] gives: 
G, 
evewecI calcskCm LU yn apes a o. 
a 


and substituting equation [4.17] results in: 


4G neeteee 
qn = eé,oT. — eoaa 1) [4.28] 
: a 


If T, = T, the equation reverts to [4.25] 


G 


and a Eg is equivalent to the average emissivity of the 
a 
atmosphere. 
G. 
Average summer and winter values of G. Ee. (for Sots 0.95) 


using London's data are 0.86 and 0.83 respectively. 


LG Te ~ vs = 20°C as in the previous example, then, 


qN =-117 ly/day. 
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This value is significantly greater than that computed from equation 
[4.25]. An appropriate synoptic estimate of qLN probably lies some- 
where between these two estimates. 


Although this latter method appears suitable to evaluate net 
long wave radiation on a long term or general basis, it gives the in- 
experienced researcher in radiative heat transfer very little feeling 
for the fundamentals of the problem. It is for this reason that the 
author prefers the more basic concepts of emissivity and its variation 
with shahaesoxtt atmospheric pressure and water vapour concentration. 
It is important to review the nature of the above argument. It is 
the concept rather than actual values of net long wave radiation that 
are in question. There nate cases when the latter equation provides, 
what appear to be, better estimates of the magnitude of this component 
in the heat balance equation. 

The so called "green house effect" is a term used by many 
researchers to describe the phenomenon of water vapour and carbon 
dioxide absorption and emission characteristics. There is no doubt 
that a real greenhouse substantially modifies the heat balance in com- 
parison to the natural surroundings. However, the reasons for this 
serendipitous discovery are only weakly related to long wave radiation. 
Kondratyev (1965) provides a detailed description and presents field 
data to show that the glass covering in an average greenhouse has a 
detrimental or negative effect on the radiation balance during the 
day and only a slight beneficial effect at night. The real benefit 
of the covering is that it effectively prevents heat loss by turbulent 
or convective transfer processes and also heat losses by evaporation 
are substantially reduced. Obviously the former process is not mod- 


ified in any way by water vapour, carbon dioxide or cloud cover and 
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97. 
the latter process (evaporation) varies somewhat with changes in 
relative humidity. 

It is for these reasons that the author is opposed to using 
misleading if not incorrect terminology to describe the fundamental 
physics of long wave radiation exchange between the earth and the 
atmosphere. ) 

The foregoing treatment of net long wave radiation is adequate 
for an assessment of this component of the heat budget on a general 
basis. However, it is of interest to review the equations with 
regard to specific situations. 

An interesting condition often develops over cold surfaces 
Such aS snow packs, glaciers and probably ablating head scarps of 
bimodal flows ih permafrost during the spring and summer months, 
especially under cloudy conditions. 

It has been shown that E, of such a surface is essentially 
equal to unity (O'Neill, 1973). It was previously stated that a 
cloud mass is assumed to emit black body radiation at the temperature 
of the cloud base. The net long wave radiation exchange for such a 


condition is: 
4 
- uA ) -- - [4.29] 


where Te = temperature of the cloud base in aie It, therefore, 
becomes apparent that the net long wave radiation becomes zero or 
positive for cloud temperature of 0°c or greater. This reversal in 
Sign of heat flux has even been noted when ground temperatures are 
substantially above zero (Muller, 1967). These occurrences would be 
much more frequent when colder surface temperatures prevail (Streten 


and Wendler, 1968). Partial cloud cover will obviously contribute 
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98. 
to decreasing the loss of long wave radiation to the sky and various 
equations have been cited in an attempt to evaluate this effect 
(Sellers, 1965). 

The foregoing treatment illustrates that applying synoptic 
estimates of net long wave fluxes to specific situations may often 
cause substantial errors in the estimation of these values. Net 
long wave radiation fluxes for conditions previously described are 
likely to be in the order of minus 40 ly/day to plus 6 ly/day (Streten 
and Wendler, 1968) rather than minus 100 to 150 ly/day as computed 


from synoptic data. 


4.3 Radiative Components on a Sloping Surface 
4.3.1 General 


Topographic influences on both short and long wave radiation 
should be considered in evaluating the microclimate of a specific 
Site. These influences are the most significant for the direct 


beam short wave component. 
The equation used to describe the radiation balance on 


sloping surfaces may be written as follows: 


Gus = Ipss * Tass * Irss * Irs * Sips * ILpR 


* Gur * Sus | een 
where Wns = net radiation balance on a sloping 
surface. 
doss = short wave direct beam component (+). 
qass ~ short wave diffuse component (+). 


q = short wave component of radiation reflected to 
RSS the surface by surrounding surfaces (+). 


= short wave component of radiation reflected by 
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the slope (-). 


qt ps = downward long wave component of radiation 
falling on the slope (+). 


qi DR = downward long wave component reflected to 
the surface by surrounding surfaces (+). 


qi uR = upward component of long wave radiation 
reflected onto the slope by pu 
Surfaces (+). 

dus. = upward component of long wave radiation 
emitted by the surface (-). 


4.3.2 Direct Beam Radiation (dns) 

The ideal method for stoluaten the direct beam compon- 
ent of short wave radiation from clear skys on to a sloping surface 
oriented in any direction appears to have been first formulated 
by Ohmura (1968) -and Garnier and Ohmura (1968). It consists of 
taking the dot or scalar product of two unit vectors, one parallel 
to the sun's rays and the other nana to the slope. The result 
is then combined with the flux density of radiation normal to the 
Sun's ray. 


The foregoing may be summarized as follows: 


Grecispd.a (1Su 1 {SLi cose) - - - [4.31] 
where qpss. = flux density of direct beam radiation on the 
slope. 
SL:= unit vector normal to the slope. 
Su'= unit vector parallel to the sun's rays. 
A = angle formed between the two vectors. 


The remaining terms have been previously defined. 


The amount of direct beam radiation upon a slope over a 


finite period of time equals: 


99% 


tid r ’ 
phe - F ; 
2a Pane { r ; ny @ 
f : ; aA \ ha ‘ 
GOTT E IBY F008 tae; iit tee 
‘ a Le \? 
Al eaten en aa i 
fe { 


NOPBPESY SVEW tou to: silage by pies ca 
Honboy ie VC) See Bat, bare betas (298 ae 
| ml my 289 oe ie he er Se 
a Ce ar i ty 

potopibes 9vaw Dae base tncgne> os owau 
f Syl] S3eFRe ‘cla ¢ ber tine 


te \ ‘ 


[ wage 7 nightotnss } 
neqnoy madd tnovth any pttes oa OW aa boritom | out + ae 8 ‘Pus 


7 Say ape) vee cit) OSes ieee fail autho ous Far j2* 


+4 


i Ye 


bat H iiNet Sari: aaa & Yeas jon ha es, eet soeti vas ay 


i kati” 


te eteveras i (BO) ier sti ‘Boe ‘nieiong | ber. (eae em 
rat Peed 240, hud ceva ui ie > sapien i anieae ve tae oad, | 


Pies 


Mfveay adT ,Saoh ena ate e voe WORT at bas Bo P Pe 
as | ae H' aa 


ont ay Feerion, pobre fhe 4a Jit i oie ate seas 


A a vor ark s) | jam 


aoe 
= 
ay 
= 
a 
oS 


} 
7? ic 
aT Oy i's 


rare: SMOG a 0abe it5 0 vst aac 


_ . es \ dius 
a roe eennogy ont as ssuse ui of 


7 we eer _ : i _ 
vores owe 188 sity 

hi ae 

poy nO rather 


7, * ire ey 


- ie ‘ae 


= 


Ho 100. 


Gee ome ek ar (1Su' Ole IesSineeosgnyoan d then [4332] 
1 
where H = hour angle measured from solar noon. 


The equation is evaluated by expressing the unit vectors in terms 

of their Hare cion cosines. The equation is then evaluated and 

Summed over twenty minute time intervals. The details of this proc- 

edure are provided by Ohmura (1968) and Garnier and Ohmura (1968). 
The treatment, thus far, has considered conditions involv- 

ing an unobstructed sky line. In many cases topographic obstructions 

prevent the sun's rays from falling directly upon the ground and 

he site remains in shadow for a major part of the day especially 

during period of time of low sun angles. This aspect of the problem 

is readily handled by comparing the altitude of the obstruction 

with the altitude of the sun at the appropriate azimuth during the 

twenty minute time interval of computation. A variety of equations 

will determine the azimuth of the sun in terms of the local co-ordinates, 


the simplest of which is: 


sin a = sin H cos 6 csc z (Hosmer & Robbins, 1958) 
~~ = [4,33] 


where a = azimuth of the sun (measured positively 
through east). 


H = hour angle of the sun. 


angle of declination of the sun. 


[o-) 
iH] 


N 
i} 


zenith angle of the sun. 


The altitude and azimuth of the obstruction must be determined by 


physical measurements or estimates at each particular site. 


Another and possibly superior alternative is to calculate 
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the length of the shadow cast by the obstructing object and then 
to check whether the site lies within that shadow. 
The length of shadow cast by an object on a horizontal 


Surface may be easily calculated from the equation: 


L = H tan z sin (A-B) - - - [4.34] 
where L = length of shadow. 

H = height of the obstruction. 

z = zenith angle of the sun. 


A and B are the azimuths of the sun and obstruction 

respectively. 

No Similar simple expression exists for the calculation 
of shadow length on sloping ground. An equation has been developed 
to compute this variable. It is contained in Appendix C. 

In summary, the amount of direct beam radiation incident 


upon a Sloping surface is a function of: 


latitude of the site 


) 
ii) declination of the sun 
) strike and dip of the slope 
) orientation and height of obstruction 


v) transmittance of the air 


The exact declination of the sun at different times of 
the year may be determined from one of the common ephemerides used 
for celestial observations. However, for most meteorological com- 
putations it is adequate to calculate the declination of the sun 
by describing its variation as a function of a sine curve. 
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where 6 = declination of the sun 
Ay = amplitude of the sine curve (2325) 
2a 


365 * period of the function 
t = 


time in days starting from March 21 (vernal equinox) 


The orientation of the slope is given by the azimuth and 
zenith angle of the normal to the slope. The azimuth is measured 
positively from the north through east. 

The obstruction is described by the height, the azimuth 
of the beginning and the termination, and the azimuth of a projection 
along the base. 

The transmissivity of the atmosphere may be estimated 
by vapour pressure data and the direct beam radiation may be corrected 
for cloud cover as previously outlined. The optical air mass Mm 
is adequately described as 1/cos z for zenith angles of 80° or less. 
Published values (List, 1968) must be used for zenith angles 
greater than 80°. 

A simple and acceptable alternative to the procedure out- 
lined above is to relate the actual normal direct short wave rad- 
jation on the slope to the actual direct short wave radiation on a 


horizontal surface. 


psHA ~ “psna °°° 7 
pss = Ipsna ©°S * | 
= - - - [4.36] 
pss = IpsHa cos A/cos Z E ] 
where Anss is the direct short wave radiation on the sloping 


surface 
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qDsHA = actual direct beam short wave radiation on 
a horizontal surface 


N 
iT] 


zenith angle of the sun 

cos A = cos of the angle between the sun's rays and 

the unit normal to the slope. 

This is a complex function of latitude, declination, slope orient- 
ation and hour angle. The equation for A is listed in Appendix C. 

Since the value cos A/cos z is a function of time, it 
becomes a matter of judgement for each problem as to what time 
increment is to be used to obtain an average value for this ratio. 
The problem was handled by evaluating cos A and cos z over 20 min. 
time periods and plotting these values as ordinates versus time 
On a daily basis. The ratio of the areas under the curves rep- 
resents the average daily ratio of cos A/cos z. Sky line obstruc- 


tions and shadows can be handled in the same manner. 


4.3.3 Diffuse Radiation (dass) 


The amount of diffuse or scattered short wave radiation 


from the sky incident upon a sloping surface may be estimated by 


108: 


relating it to the amount falling on a horizontal surface. Kondratyev 


(1965) has suggested that: 


> , 
= - - - 14.37 
Wass Gas 8 3/2 [4.37] 
where q = diffuse short wave radiation on the sloping 
ds surface 
= di ave radiation on a horizontal 
dash diffuse short w 


surface 


a = inclination of slope from the horizontal 


This simple equation assumes that the diffuse component of short 
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wave radiation is isotropic. Such an assumption is not rigorously 
correct. The intensity increases with zenith distance for clear 
Sky conditions and decreases with zenith distance for cloudy 
conditions (Dines and Dines, 1927). The intensity of diffuse rad- 
jiation is also related to the position of the sun. It increases 
toward the sun and decreases away from the sun. Thus, the corrace 
equation to describe the flux density of diffuse radiation on a 
Sloping surface would be a function of the direction of the unit 
normal of the slope relative to the zenith and to the sun. 
Stephenson (1965), using data from Threlkeld (1962) form- 
ulated an equation to account for the anisotropy of diffuse 


radiation on vertical surfaces. The empirical relationship is: 


V - - - [4.38] 


Gasv ~ Gasu “Ff 


where Ve (0255, t0-0,437 COS8O77 U2c13 cos? 0) and 


© = angle formed between the rays of the sun and 
the unit normal to the wall. 


If 102° < 0 < 259°, V, = 0.45; otherwise Vp = 0.55 + 0.437 


cos © + 0.313 cos“ ©. For the condition of 0 = 0, Ve = 1.3 and 


dasy = Ids (a3) - - - [4.39] 


This expression indicates that at certain periods during the day 

a vertical surface whose unit normal coincides with the rays of 

the sun will receive a maximum of 30% more diffuse radiation than 

a horizontal surface. This observation may be applied to all slop- 
ing surfaces at least in a general way. Unfortunately, the equation 


is derived exclusively on an empirical basis and cannot be utilized 
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without reservation for any sloping surface. 

If the geometrical considerations of short wave diffuse 
radiation on slopes are compared to those of long wave radiation 
from the sky incident upon the same slope, without concern for 
anisotropy, then the similarities should be evident. Kondratyev 
(1965) presents an equation for net long wave radiation on a sloping 
Surface and then provides measured values in support of the equa- 


tion. The data can be reasonably well described by: 


ie 2 
Wins > qNH COSssa/Z --- [4.40] 


where qi Ns and Gin are the net long wave radiative fluxes on 
sloping and horizontal surfaces respectively. It follows that the 


short wave diffuse component may be expressed as: 


i g ara 
ass = Igsy £°S a/, [4.41] 


This equation indicates that a vertical face will receive one-half 
the diffuse radiation of a horizontal surface. 

Although this equation is not rigorously correct, its 
simplicity makes it attractive for use in the solution of field 
problems. However, care should be exercised in its use, for it 
unequivocally indicates that the diffuse radiation falling on a 
Sloping surface is always less than that of a horizontal surface. 
Garnier and Ohmura (1969) compare values computed from equation [4.41] 
with those measured on north, east and south facing slopes with a 
shielded Eppley pyranometer. They indicate that this equation pro- 
duces overestimates of 56% to underestimates of 26%. Overestimates 
are more frequent on north facing than on east or south facing 


Slopes. Data for the east facing slope appears to be scattered 
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equally between over and under estimates, while the data computed 
| for the south facing slope appears to predominantly underestimate 
the measured values. However, their measurements were restricted 
to a slope angle of 20) and the correlation between computed and 

measured values were evaluated solely on that basis. In view of 

these results, it appears that equation [4.41] may be used to 


give reasonable estimates of diffuse radiation on sloping surfaces. 


4.3.4 Short Wave Component Reflected to the Surface by 
Surrounding Surfaces (pgs) 


Objects or surfaces may reflect diffusely or specularly 
to the surface of interest. Diffuse reflection occurs from 
irregular or roughened surfaces and the reflected radiation will be 
distributed in all directions. On the other hand, specular reflec- 
tion (from the direct beam) will occur from surfaces such as glass, 
polished metals or very still water. Real surfaces will exhibit 
neither purely diffuse nor purely specular reflection and most 
natural surfaces may be treated as diffuse reflectors (Threlkeld, 
1962). Therefore, both direct beam and diffuse radiation will be 
reflected diffusely by these natural surfaces. 

The amount of radiation reflected to a surface by another 
is a function of the amount of radiation incident upon the first 
surface and a geometric view factor which relates the size and 
orientation of the two surfaces. If the adjacent or reflecting 
surface is designated (1) and the surface receiving the reflected 
radiation is (2), then the amount of reflected radiation which is 


incident upon unit surface dA., 18 


Irss(2) = oF (ps + das? (1) Ve/n BER E [4.42] 
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107% 
where a = albedo of surface (1) 


(dn + das) (1) = total short wave radiation incident 
upon surface (1). 


Ve = dimension less geometric view or configuration 
factor which describes the fraction of energy directly incident on 
one surface from another surface assumed to be reflecting or emit- 
ting energy diffusely (Wiebelt, 1966). 


A completely general evaluation for V, must involve a 


f 
relationship combining the geometry of the areas and the orientation 
of the unit normals of the areas in one co-ordinate system. Prelim- 
inary investigations suggest that this solution is too complex to be 
of practical value for most engineering applications. However, 
useable, but restrictive solutions are available for some problems 
associated with heating and ventilation system design. Threlkeld (1970) 
provides an acceptable approach to a number of specific problems. 
However, care must be exercised regarding the geometry of one surface 
relative to the other. The choice of the co-ordinate system is dep- 
endent upon the orientation of the areas. This aspect does not ereaea 
problems for situations of windows or walls facing parking lots or large 
court yards and where hand calculations are used for each problem. In 
cases of complex geometry, it appears unlikely that the form of this 
solution is amenable for use with computerized techniques in eval- 
uating radiation on sloping surfaces. 

Nonetheless, the procedure taken from Threlkeld (1970) 
is developed and included in Appendix C. It is left for the reader 


to decide if his particular problem can be modelled to meet the 


conditions imposed by this solution. 
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The solution may be categorized into three general cases 
(A, B and C) with specific situations arising in each case. For con- 
ditions described in Case A, surface dA, cannot "see" aunraee A, and 
thus no radiation is reflected from A, to dA... In Case C, the sur- 
face dA, is "facing" A,. Surface dA., is either parallel to or forms 
an acute angle with surface A,;. This condition would rarely be of 
Significance in nature and would occur only when there was an over- 
hanging bank or canopy of trees. 

Case B is the most important and probably the only Sig- 
nificant one of the three conditions described in the general solution. 
If Case B (2) is considered for the condition af a horizontal surface 


in front of sloping ground, the view factor may be expressed as: 


Ve = t/y (1 = cos a) = w/y sin° a/, ~~ - [4.43] 
where a = inclination of the slope. 
% aed ae 
Then pss = %1 (dncu - qasq)2 sin a/, [4.44] 


This equation is also in agreement with Kondratyev (1965). 

Threlkeld (1970) performs a sample calculation to show 
that the reflected radiation intercepted by a vertical south facing 
window on June 1 at noon, positioned 6 ft. above a 50 x 100 ft. con- 
crete parking lot, represents 26% of the total radiation incident 
upon the window. This is obviously of significant magnitude and 
the designer must therefore consider each situation on its own merit 
and perform at least perfunctory calculations before dismissing this 


component of radiation as being unimportant. 


4.3.5 Short wave Component of Radiation Reflected by the Surface (dpc) 
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The short wave radiation reflected from a sloping sur- 
face will be equal to the product of the albedo of the surface and 
the sum of all short wave radiation incident upon it. The equation 


to express this value may be written as: 
Gpsifs “pssiet Sass * pss). oi 37 L445) 


This equation differs from that of a horizontal surface only in the 
addition of the last term which represents the short wave radiation 


that is reflected to the slope by other surfaces. 


4.3.6 Downward Longwave Component of Radiation Falling on 
the Slope (q) ps) 


Long wave radiative flux from the sky is not isotropic, 
increasing from the zenith to the horizon. Gardeners and agric- 
ulturalists observe this phenomenon in the late stages of the 
growing season when early morning air temperatures hover near the 
freezing point. Vegetation on sloping surfaces and regions par- 
tially sheltered from the zenith by buildings, trees or canopies 
will often remain unharmed by otherwise killing frosts. Kondratyev 
(1965) proposes that the equation to describe the amount of long- 


wave radiation falling on the slope take the form: 


‘ 2 Rio ae 
ips = Itpy 6S 4/2 | [4.46] 


The equation suggests that the down ward longwave component decreases 


as the slope angle increases. This is not strictly correct because 


anisotropy effects will modify this relationship. 
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Additional equations and further details concerning anistropy 


may be found in Sell@rs (1965). This author suggests that little 


error will result if equation [4.46] is adopted for use in general 
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field conditions if it becomes necessary to independently est- 


imate this component of radiation. 


‘4.3.7 Downward Long Wave Component Reflected to the Surface 
by Surrounding Surfaces (4) pp? 


This component of radiation will be reflected diffusely 
to the sloping surface from adjacent surfaces in the same manner 
that short wave radiation is scattered and reflected. The treat- 
ment will, therefore, & identical to that described in section 
4.3.4. Equation [4.42] must be rewritten as: 


Ve 
Tea TD Pepe atime oT 


where a = infrared albedo of surface 1. 


(q) p) = long wave radiation falling on surface 1. 
1 


The writer suggests that a rigorous treatment of view factors is 
unwarranted for this relatively small component of radiation. It 
is, therefore, suggested that equation [4.46] be modified for 


general use as: 


v2 
Grpr ence S9:pH) SiPtea/za) euzaceneltsr yy 


_ where q1 DH = long wave radiation falling on a horizontal 
| surface in front of the slope 


a = infrared albedo 


angle of slope with the horizontal 
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4.3.8 Upward Component of Long wave Radiation Reflected onto the 
Slope by Surrounding Surfaces (q) yp) 


Strictly speaking, this radiative component should also be 


dealt with in the same manner as reflected short wave radiation on 
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a slope. Again it is the author's opinion that such a rigorous 
treatment of this radiative component is unjustified in view of 
its small contribution to the radiation balance at the surface. 


Kondratyev (1965) suggests: 
iu 312 | 


where qiuH = long wave radiation emitted by the surface 


in front of the slope. 


m& 
iH] 


angle of slope with horizontal. 


4.3.9 Long wave Radiation Emitted by the Surface (q),<) 


The theory involved in the computation of this portion 
of radiation falling on the slope is identical to that outlined 
in section 4.2.8 dealing:with horizontal surfaces. Equation [4.17] 
may be used to describe this component with slight modifications 


to the nomenclature. 


uy 
dus 7 esglas - - - [4.48] 
where te = temperature of the sloping surface rather than 


that of the horizontal adjacent surfaces. The 
magnitude of this term may experience a substantial diurnal variation 


as the slope comes into direct contact with the sun during certain 


periods of the day. 


4.3.10 Summary of Components 


The following treatment will attempt to briefly summarize 
the radiation balance on slopes and group the terms into net short 


wave and net long wave categories. 
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112, 
1) Ingg = complex expression relating the unit normal 
Of the slope to the rays of the sun. 
) dass * dysy £08 8/2 
) dass = W(Apgy + dysq) Sin a/2 
) Gas = -# (Apgs ; Sash * Sass) 
isa fipH. cS) 3/2 
) App = 2 (4,py) Sin a/2 
) Our = Lyn SI a/2 
) TLus = - 6,075. ~ LH 


Grouping expression i), ii), iii) and iv) 


Z 
Wisseas cnss) “dsy Ns even nse acy) s(l8) 


i 
- Gacy Sin a/o - - - [4.49] 


where Wnss = net short wave radiation on the sloping surface. 


This is a suitable form of the equation if all components are to 
be calculated separately. However, if calculations are based on 
measured total values then the equation should be recast into the 


following form: 


= (etsy) SSL vets que, « Hie sind bay Oe, doi 
Qnss DSHA cos z dSH 2 \IsTHA 


2 
(I-a) - Qyoy Sin a/2 - - - [4.50] 


where GDsSHA = actual direct beam short wave radiation on a 


horizontal! surface. 


dash = diffuse radiation On a horizontal surface. 


ine = radiation recorded on a 
AsTHA total short wave 


horizontal surface. 
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a, COS A and cos z are as previously defined. 
Components v), vi), vii), and viii) may be grouped as follows: 
é 2 gee eee 
ENS = SLbH (cos” a/> + a, Sin a/y) + Gyy Sin a/2 


me POH 


If G19 7= 1.0, 
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a 9H fi Es qi uH sin a/o yc ea et ~—4.5] 


If the value of diy from equation 4.24 is substituted into 
equation 4.51, then 
varl 


4 re 
eg 0 {T,” (atbve) - T,* (I-e, tin? Bys Miokettee= 4.52 
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If the value of qLN from equation 4.28 is substituted into 


equation 4.51, then 


c, 0 amie -Shigios Teiei@ ex sin wwa/p bile ~ 4253 


SLNS ~ 


Equations 4.52 and 4.53 indicate that in general the net long 
wave radiation on short slopes facing a horizontal surface will change 
from negative to positive values at slope angles of 60 degrees or 
greater. This observation may not be true where slopes are warmed 
well above the prevailing air temperatures. Under these conditions 

a very strong hegative component may be emitted from the surface of 
the soil. However, data collected at Fort Simpson, N.W.T. indicate 
that the net radiometers installed on sloping surfaces rarely recorded 
negative values of net radiation while those placed over horizontal 
terrain consistently monitored negative values in the early morning 


hours of clear days. An example of this data is included in Appen- 
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dtx D« 


4.4 Turbulent Transfer Processes 

Transfer of water vapour, heat, and momentum within the 
atmosphere plays a significant role in maintaining the heat balance 
at the surface of the earth. This transfer process is generally 
accomplished by turbulent mixing in the atmosphere even when the 
air mass is very stable. However, this activity cannot extend to 
the ground Surface and a laminar boundary layer of a few milli- 
meters in thickness is present between the surface of the earth and 
the turbulent activity in the atmosphere above. If the temperature 
and vapolir pressure gradients within this thin layer can be accur- 
ately established, then the amount of heat, vapour and momentum 
in motion could be computed by boundary layer theory (Sellers, 1965). 
Such measurements are, at worst unobtainable, and at best impractical. 
The alternative has, therefore, been to measure temperature and 
vapour pressure gradients at higher levels and to use turbulent 


transfer theories to estimate the flux of heat or vapour at the 


surface. 


4.5 Evaporation and Condensation 


Evaporation occurs when vapour moves from the surface to 
the atmosphere in response to a gradient, while condensation is 
simply the reverse of this process. It is, therefore, more reason- 
able to consider nomenclature that describes heat transfer only, 
in terms of the latent heat of vaporization or condensation, and 
to let the sign of the vapour pressure gradient determine whether. 
the net effect is evaporation or condensation. 


There are two general procedures utilizing turbulent 


‘gomenaand atannnt 


Cr is 


ea ; | els hes 
Sit Fil Aa FW RS Aron OTS. a OF . bade i Aad ry} ee ; anet 


st 
4 


hiled sash aid oateiainien at aioe Sieticai: © conta ror 
‘See ee. & Pa “2 hat iv no" ‘ ‘ io bas sootwe of 
aria ays Dense Sekt ae point satus gh! bedet fi 100998 
ey y FORTIES VST" page tds eens abate a ae sab pg 
he: [ i ASI i 


' i ' ’ Tks a 
“fiir wat sv veh, “SaRADGU "We FB, B Dik Bd eta Si OnE ra 
Ba ant JO socbuc ant nebwtsd angered eh zesmtotet Pre ar 


Nitetoqnes, ay t] | <svads oXpaeabed & SHE ie. yw tae. dnatudal ; 


syud558 Od NBD Seal on hig vehi ee 4 adnan en snezorg swegew" ba 
; hae at : ’ 7 


{ ‘ TtTSHOn hy B4U0GBEY hj ate mi 2 Pe Ler aay fy edad” <bortat dete 
yValiee) wioadd v4ayvel Ky BRNWOR Ye. ad apes atl’ a yo: 


rane a en cia ee a 


si capers "al eth a. isthe p auaeert “1 vogs 
att V6 Honey Pye esi 7 ito Mt ¥: afl eyprites 0 of nae 


srt Ng a ; sor 


| | nated Finis p's eat bis: ee sot $ 
acetic Hoa 2 ‘BV, “ABV womiek eau se ecomeith wi 
Zi nary eensmne 03 athe. sana 8 0 bvierb ar | 
*HO2ZhS7 Soni noted, vai fi tat z2a004 eb teen 


: RAND “avant she aeart zedtyaab : ied suscuiow: i 
_ vere 


¥ aa 1 mea E es, Ror Th 2nabiqo3 Bal sah ¥0 @ aati _ is ree 


ee 3”. min 
ee? ed 


insted pelt $78 0 " 28%! 


‘ 


theory to estimate this component of the heat balance. The first 

of these is the eddy flux or eddy correlation technique which 
assumes that quantities measured at the one meter level will give 
reliable values of the surface fluxes. Swimbank (1955), Dyer (1961), 
and Frankenberger (1960) have attempted to use these approaches with 
varying degrees of success. The equations which describe this proc- 


ess are of the form 


q = be wq (Sellers, 1965) - - - [4.54] 


where L = latent heat of vaporization 
e = density of the air 


= mean or average vertical eddy velocity 


=| 
l 


O| 


= mean or average specific humidity 


However, Sellars (1965) states, "it is very doubtful 
that they will ever come into general use". 
The second of the turbulent transfer methods is that of 


aerodynamic or profile techniques. The general form of the equation 


is 
2 (Up - Ui) (qo - q1) f 
qs BL kK id - - - [4.55] 
(fn z> - fn Z,) 
where k = von Karman's coefficient (=0.41). 


u; and uy = wind velocities at levels z, and z, 


q, and qy = specific humidities at levels z, and Zz, 


Various functions are used to model the wind-humidity 
profiles. Thornthwaite and Holzman (1939) suggest that under 
adiabatic, fully turbulent conditions with logarithmic wind profiles, 


the function of z, and z, is logarithmic and the denominator in 
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TG. 
equation [4.55] is In (25/21) . A variety of specific equations 
using a combination of empirical and theoretical techniques are 
available for estimating qd: O'Neil] (1973) provides an excellent 
review of the background and theory and lists a number of the more 
popular equations. 

In summary, the gain or loss of heat associated with vapour 


transport can be described as: 


Se.) nee ae o6e 


a, = fn(u) (e, - e, 


where fn(u) may be a partially empirical and partially theoret- 
ical function of the wind profile and where e, and e, are the vapour 
pressures of the air and surface respectively. 

It is of interest to note the relative magnitudes of e, 
and e. and to consider their variation over typical weather conditions 
during the thaw season with specific boundary conditions. The vapour 
pressure of the surface (e.) is the saturated vapour pressure at the 
prevailing surface temperature provided the surface is fully satur- 
ated. This relationship is well known and is shown in Figure 4-6. 
Note that the saturated vapour pressure of water at 0°c is 6.1 mb. 
The partial pressure of water vapour in the air (e.) is related to 
the air temperature and the amount of water vapour present in the 
atmosphere. This vapour pressure can be determined by various 
pyschrometric techniques, which include a variety of humidity sensors 
and wet and dry bulb temperature relationships. The term relative 
humidity is used to describe the ratio of the amount of water vapour 
in the air at a given temperature to the amount of water vapour the 
air is capable of holding at the same temperature. Table 4-3 shows 


some typical values of water vapour pressure for various air temp- 
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Fig. 4.6 Saturated Vapour Pressure vs Temperature 
eratures and relative humidities. 

In general the earth's surface is warmer than the air 
above it so that even with high relative humidities the vapour 
pressure gradient is from the surface to the air indicating the 
presence of evaporation. However, there are interesting obser- 
vations to be made regarding cold surfaces such as glaciers, 
melting snow packs and exposed permafrost that exist even dur- 
ing the summer months. If the air temperature is 10°C then 


the relative humidity must drop below 50% before the vapour 


i Ba 
Ae Meal 

it ¢ ; 

{ ma cl = 
i : me ; . 

4 f 
: : ; , 
; f 


n 


ihe BSN bli y th) pat 4 + hu mo oe ruse | 


Se ae ost tte md a apt oo 
Th gad madd oergW ef) Ge in eae wh BU [ereriag ot ey | 
aie | M, Leet 0 Wd A ee Sin 
ol a eee Adisearnad rite? ty + He Ha Hoty, noy9: Son 08 | 


‘ 4a: 
’ j r i) 


‘eps 2d eat teerarn O48 sn vase : so tievaeys 3 to son S280 
ivy, - aa ; 
] «erats6ig ep Nove Zor re reba be Oo nl ean 6 + 2h tT 


dae a 


7 LN ep en ae 
1 ab, neVv9 a ETKS: PENT Fe oO 7 ined beacae: bh <m 
; ; ‘a 2t dead 3 irae vin adh 44 iG TT 


Prey Tas 
“yaa velit 4 Jen na ‘ 


"13 b} : 
i Wd P + 
Se ; “ime 


" ’ ; i 
esd 7 


we? : T ; 7 ! ) = , c ¥ ; 
: as he a sn3 enttes raps (tS OW O32 aabT Tez. ath ct ae. 
4 


‘ 


iho 


TABLE 4-3 


AIR TEMPERATURE, RELATIVE HUMIDITY AND VAPOUR PRESSURE 


AIR TEMPERATURE RELATIVE HUMIDITY VAPOUR PRES- 
Or to SURE mb 
5 70 6.1 
Or & 80 99.58 
70 8.4 
50 6.1 
20 80 1333 
70 16.4 
60 14.2 
40 9.1 
30 fie 


26 6.1 
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1 Va 
H an. i 


hy, ae 


Wee 


pressure gradient becomes negative and at 20°C the relative humidity 
must drop below 26% before evaporation will occur (Table 4-3). At 
relative humidities above these values, which are the rule rather 
than the exception, the gradient is positive and vapour is moving 
from the air, condensing on the surface resulting in a positive heat 
flux of 600 ae for 1 cm. of condensate. 

It is important to realize that all techniques discussed 
above for estimating q) are contingent upon the ability to predict, 
model and maintain a wind and vapour pressure profile over the ter- 
rain in question. This is often possible over snow fields, lakes 
and reservoirs, deserts, and other extensive and reasonably uniform 
surfaces. However, this is not the case where the area of interest 
exists as an isolated entity within a totally different environment 
Such aS a remaining snowpatch in a bare field, an oasis in a desert 
or an exposed face of melting permafrost contained with an otherwise 
warmed surface. Under these conditions, the only alternative is to 
physically measure the amount of vapour transferred either to or 
from the surface by a process called lysimetry. The procedure 
requires that the soil, ice or snow surface be isolated, but remain 
in contact with the surroundings. Measurements are made at frequent 
intervals to determine the loss or gain of weight resulting from 
evaporation or condensation respectively. Countless researchers have 
employed different techniques for lysimetric measurements with 
varying degrees of success. The greatest problem associated with 
this technique appears to be the difficulty associated with installing 
and maintaining the device without disturbing the heat balance within 
the lysimeter in comparison to the surrounding terrain. The reader 


is referred to Technical Note No. 83, WMO (1966), and Nyeburg (1965) 
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for details regarding various types of lysimeter design and operation. 


4.6 sensible Heat Transfer 

The second major activity associated with turbulent 
motion in the atmosphere is the vertical flux of sensible heat. This 
term, in the heat balance equation, although usually smal] and negative, 
may on some occasions be as large as, and of the same sign as the net 
radiation (Treid], 1970). The equations which describe this transfer 
process are essentially of the same form as those used to describe 
or predict the transport of water vapour. 


The appropriate equation is 


qe i eC, ie (Sellers, 1965) - - - [4.57] 
where o = the density of the air 
C. = the specific heat of the air at constant pressure 


(= 0.24 cal/gm. °C) 


T = mean or average temperature 


(strictly speaking this is the potential temperature, i.e. the temp- 
erature of a body of air brought adabatically to a standard pressure) 


W = mean or average vertical eddy velocity 


The limitations of this equation, discussed in reference 
to vapour transport, are also true for sensible heat transfer. 

A variety of relationships exhibiting minor variations in 
the form of wind and height functions express the aerodynamic and 
profile methods for estimating the vertical flux of sensible heat. 


They take the general form of 
per i(uhye 101 gee) 


= - - - [4.58 
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Walls 
The reader is again referred to O'Neil] (1973), Sellers 


(1965) or any of the classic texts dealing with climatology and micro- 
meteorology for a complete treatment of the theory and background 
regarding sensible heat transfer predicerenet 

The simple semi-empirical approach is again useful in 
describing the fundamentals and the variation in magnitude and sign 
that may exist under specific atmospheric and terrain conditions. 


This relationship is quantified by the equation 
iT.) - - - [4.59] 


Since the surface temperature is in general somewhat greater 
than the air temperature, the temperature gradient is negative and 
the surface of the earth is cooled as heat is transferred to the 
atmosphere. There are, of course, many exceptions to the above state- 
ment one of which occurs at night when temperature inversions are 
frequent. Other more important exceptions may be noted when the sur- 
face temperatures are consistently lower than the air temperatures. 
These situations are again in evidence during the time of snow melt 
in the spring and on glaciers and exposed permafrost surfaces in 
the summer. Under these conditions significant amounts of sensible 
heat may be utilized in sustaining the melting process (Treidl, 1970; 
Muller and Keeler, 1969; Streten and Wendler, 1968). 

It must be noted, with some emphasis, that the predictive 
capabilities of these formulae are predicated upon being able to 
model and maintain the wind and temperature profiles over reasonably 
uniform surfaces. When the areas of interest are isolated or appear 
as islands in a substantially different environment, then large 


amounts of sensible heat will be horizontally advected into this 
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zone causing an accelerated rate of melting and making prediction 


almost impossible. 

Since the process of evaporation and diffusion of water 
vapour from any water surface is similar to the conduction or diff- 
usion of specific heat from the same water surface, Bowen (1926) 


has suggested that it may be represented as a ratio R = 9</4) » 


and that 
R = 0.46 scary ap OCU - 4-60] 
W a 
where ie and T, = temperatures of the water surface and 


air respectively in vat 
P and Ee = vapour pressures of the water and air 


respectively in mm. of Hg. 


eel 
i} 


total pressure of the atmosphere in mm. of Hg. 


This equation supposedly reflects the difference in the 
transfer coefficients associated with the flux of sensible heat 
and water vapour. However, if the transfer coefficients are con- 


Sidered to be equal the equation takes the form 


R = 0.501 Oy Lila? dite - - - [4.61] 
locke CH 7a len (1 


Obviously the 8% difference in these two equations can hardly be 
considered significant. 

If the ratio is defined simply as R = 96/4 » and when qd. 
can be measured and qs calculated as the residual in the heat balance 
equation from ablation measurements, then the ratio may be evaluated 
and compared to the ratios obtained by other researchers. Table 4-4 


summarizes the values of R that might be anticipated for the 
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EQUATION M,=0.00629 (T,-T>) vy 
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Fig. 4.7 Convection Melt (computed) (After U.S. Army Corps 
Of Enda. 1956) 
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Fig. 4.8 Condensation Melt (computed) (After U.S. Army Corps 
of Eng., 1956) 


HOD YUMA Yeu att) ,oSs Gm) fe ral nattdeunes | ee ) 
{ sad (ee ot “ped TO ie - 


Mo MOITADOR | 


a itt a aT : ‘ ’ 
e 


' H 
1 
Tey, ‘ i 
mi y 
—_ { 
ry bo 
} . Ae, 
* my 
‘s ' sy, 


ra " 7 inn’ , 
i= ’ a U ia 
ao : DARE “hide ge 
| ~~ ie, 

; is yah | in 
[ © MAR Jags 
; Ls 

eae Po ee a 


= 


: : = ‘ ar | % ae “Re A 
"OT soasnue ,3ouanataid) anuessas “sonay 
; “BANG AAEM Seah g have. - | 


124. 


TABLE 4-4 


SNOW MELT DUE TO SENSIBLE & CONVECTIVE HEAT TRANSFER AND BOWEN'S RATIO 
(AFTER U.S. ARMY CORPS OF ENG., 1956) 


Temp. Diff. Humidity Msensible M latent M sensible R' R 
(5 ts) 


% in/day in/day M latent 
5 40 0.05 -0.08 -.63 -0.71 -1.2 
50 -0.05 -1.0 -1.13 -1.8 
60 0 | 0 0 -3.8 
80 +0. 10 0.5 56 +3.8 
100 0.05 re 225 328 atalenc 
10 40 0.11 Ad aac 2.5. =55 1 
50 0 Te 1.13 -460 
60 ecu 0 .62 +4.4 
80 sl mele a reed a 
100 On 43 20 229) 120 
T5 40 0.18 w21 . 86 .97 8.4 
50 £30 60 65° 2420 
60 40 45 15) Pee 
Sor 60 230 34-6130 
100 0.18 Wie 223 s2OMn eo 
20 40 0.21 -40 ab -60:. 4,2 
50 54 39 44 2.1 
60 709 RS Y4 HoOe MES 
80 O22] .90 aed 226; “1.0 


* NOTE: Values of Mo and My have been established from the accompanying 


Figures 4-6 and 4-7 


f me iad a ae at Wy 
t - WSS: cine my prt ie od ¥i/ ie) t it; | Hi. 4 a 


{ ace t - Wa ate eae oy “eal 2.0) os 


hay, ait ; : A da A se, 

gbaterae | tastel™ aidhense i a eh i 
“anode h BNE ‘. ae, eee be a cA 
i f Te) aes sah o 4 


oe ee yer a oe iz 


" ae 4 ‘ < nA 
et, eee ht hee Rca Ya) Ry a an 


125 


equations predicting snow melt supplied by U.S. Army (1956). The 
snow melt due to sensible and latent heat transfer has been determined 
partly by theory and partly by empirical procedures (Fig. 4.7 and 

Firgz; 468))< 


= 
i} 


-1/6 
g = 0.00629 (P/P,) (2,/Z,) es eave 


he (e 


= 
il 


-e)V --- 4,63 


0.054 tz. sik “ ee 


“) 
where M. and Me are the magnitudes of snow melts in inches/day 

due to sensible and latent heat transfer respectively; P and Pe are 
the actual and reference atmospheric pressures respectively; Z. and Z. 
are the heights of the sensors above the surface; VE = the wind 
velocity at level b (mph); A and T, are the air and surface temper- 
atures respectively (°F); e. and e, are the vapour pressures of the 
air and surface (mb ). The magnitudes of heat fluex required to pro- 


duce Mc and Me are: 


co = My x 80 x 2.54 = 203 My langley/day 


600 j 
(Q, = MX gee x 2.54 = 180M, Tangley/day and 


R = q/q, = 1.13 Mo/M, 


It is evident that R calculated from equation 4.60 bears little 
if any relation to R'. It will subsequently be shown that ratios 
of qs to q. obtained from the Fort Simpson research project agree 


reasonably well with the ratios calculated from meteorological data. 
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The author, therefore, concludes that the Bowen Ratio 
may be a satisfactory means of estimating qs from measured values 
of qb in the general case- However, there appears to be a strong 
indication that it should not be applied indiscriminantly to 
Specific . cases that involve unique or unusual boundary condit- 


ions. 


4.7 Energy Transfer Due to Precipitation (Gp) 


Energy may be transported to or from the surface of the 
earth by precipitation that is cooler or warmer than the surface. 
If the precipitation does not change phase as it comes into contact 


with the surface, the equation describing the heat exchange is: 
dp = Ce (T, - T,) f - - - [4.64] 


opal cal : 
y 7 Specific heat of water (om 0c) 3 


= 
=r 
(a>) 
= 
@ 
OQ 
it 


o = density of water onvelh 
Th and is = temperature of the precipitation and Surface 
respectively; 
P = the amount of precipitation received in a given 


period of time. 


Generally speaking the surface of the earth will be cooled by prec- 
ipitation during the summer. However, many exceptions again exist 
when the surface temperature remains at or near o°c. Under these 
conditions the heat exchange will be positive. Since the magnitude 
of this term is small, its sign is of little significance. If, 

for example, the temperature difference is 5°C and 1Q°om. Of rain 
fall on the surface in a 24-hour period, then only 50 langleys per 


day are involved in the heat balance equation. Although this is 
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Significant on the day of occurrence, accumulated values are of | 


little importance over the entire thaw season. 


4.8 Soil Heat Transfer (qo) 

In many projects dealing with agricultural, biological 
or engineering studies, the soil heat flux is the term in the heat 
balance equation that is the major item of interest. It can rarely 
be calculated as the residual in the equation, with any degree of 
accuracy, because it represents a relatively small difference of 
comparatively large numbers. The magnitude of this term varies 
greatly depending on the type of terrain. Arctic and desert regions 
Will exhibit substantial soil heating while more southerly veget- 
ated regions will show considerably less. Field (1967) suggests 
that this term is usually not larger than ten percent of the net 
radiation. However, the limits may range from as little as two 
percent of the net radiation (Williams, 1967) to values in excess 
of twenty five percent (Gill, 1971). 

Occasionally, attempts are made to measure this component 
directly by using heat flux plates buried in the soil or below a 
Pavement (Monteith, 1958; Johnston, 1974). Problems arise in this 


procedure due to disturbance and more importantly from the differ- 


Uraye 


ence in thermal conductivity of the plates and the soil. The equation 


describing heat flow in a homogeneous, isotropic medium for steady 


state conditions is: 


dg- ks 2p - - - ‘(4-651 
where ks = the thermal conductivity; 
T = soil temperature; 
Z = depth below the surface. 
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Heat flow is considered negative when it flows into the ground and 
away from the surface in response to a temperature decrease with 
depth. Difficulties are encountered when implementing this equation 
due to the variability of ks, which depends upon soil composition, 
moisture content and temperature (Chang, 1958) Soil temperature 


profiles in conjunction with estimates of soil heat capacity (a more 


stable property) may provide an adequate evaluation of this term. 


4.9 Summary of Heat Balance 


The terms in the heat balance equation have been defined 
and quantified for various surface and atmospheric conditions likely 
to be encountered in practice. The major positive component of 
the balance appears to be net radiation for most micro-meteorological 
studies. However, there is a strong indication that a substantial 
source of heat may be found in the latent heat of condensation and 
sensible heat transfer terms when cold surfaces and warm atmospheric 


conditions prevail. 
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CHAPTER V 


HEAT FLUX MEASUREMENTS AT THE HEAD SCARP 


5.1 Introduction 

The fundamental terms in the heat balance equation have been 
discussed for both horizontal and sloping surfaces. The magnitude of 
these quantities described thus far refer primarily to terrain normally 
encountered throughout the region of interest and therefore synoptic 
estimates of these terms are generally applicable. In addition, sit- 
uations involving specific boundary conditions (namely cold surfaces) 
have been discussed that exist during the summer months. The following 
deals with the heat balance that exists at a typical head scarp of a 
bimodal flow slide in the subarctic. A description of the site and 
equipment used for the data acquisition is also given. The data will 
be presented and analyzed in relation to the various terms in the heat 
balance equation. Computed values will be compared to those measured 


whenever possible. 


5.2 Site Location and Description 


The field work was performed at a large landslide approximately 
18 miles downstream from Fort Simpson, N.W.T. on the Mackenzie River (61° 
50'N: 121921 W: elev. 432 ft. M.S.L.). The site is shown in Figure 5-1. 
McRoberts (1973) has provided a preliminary description of this land- 
slide but more recent information introduces two noteable alterations. 
Measurements made in the course of this study would indicate that the 
average slope of the profile shown in Figure 5-2 is 13.5° rather than 
the 19° angle suggested previously. The age of white spruce trees 


along the head scarp was determined by counting annual rings. They 


were found to be in excess of 140 years old, which is older than that 
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132: 
reported by McRoberts (1973). 

The rotted and charred remains of timber are evident beneath 
the forest litter, indicating the action of ancient forest fires. 

The last severe fire apparently occurred approximately 140 years ago and 
in all probability denuded the area of all trees and shrubs as no fire 
scars are evident on any of the standing vegetation. The date of the 
fire has been inferred by determining the age of some of the largest 
trees on the site. If indeed the fire was hot enough to fell the major- 
ity of the trees, then it would logically destroy the insulative quality 
of the moss cover and precipitate mass movements characteristic of 
burned over slopes in permafrost regions (Heginbottom, 1971). The 
action of flow slides does not appear to be consistent with the existing 
angle of the river bank. Mud flows within the slide area stabilize 

at angles considerably less than 10° to the horizontal. The ques tion 
then remains as to why the inferred destruction of the moss cover did 
nat trigger massive flow slides in this region. On the other hand, if 
flow slides were initiated, why did they stabilize at these relatively 
steep angles? 

The writer makes no attempt to analyse the principal causes of 
the slide or the different modes of failure that have occurred over the 
recent period of instability. McRoberts (1973) has described what 
appear to be the dominant processes involved within the landslide act- 
ivity. The immediate concern is centered around the southeast portion 
of the slide. This area is retreating rapidly due to the ablation of 
the exposed permafrost and forming the classic features characteristic 
of bimodal flow slides in the Mackenzie River Valley (ibid). 

It may be noted,from Figures 5-3 and 5-4 that a series of 


these bow] shaped flow slides have developed, giving the east and 
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SEE FIGURE 5-4 


SEE FIGURES S55 
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TO MACKENZIE RIVER 


Fig. 5.3. Plan View of Fort Simpson Landslide 
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SOIL LOG 


-Medium brown sandy 
silt to sandy clay 


-Organics in top 
20 cm 
-Rootlets throughout 


active layer) 
ML-SC with Pt 


-Active layer depth 
Get 257 1978 


ZONE 1 
(Present day 


-Brown to grey-brown 
silty clay with 
sand mixed in 


-No bedding apparent 


-Contains few sticks 
and sand lenses 


sand lenses 


-Appears to be high- 
ly disturbed 


(Relic active layer 
or reworked material) 


ML-€L, 


-Grey brown to dark 
grey, uniform 
silty clay 


-Thick bedding occa- 
sionally discern- 
able 


-Becomes more plas- 
tic with depth 
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-Grey to dark grey 
silty clay 


-Very few bedding 
features discerned 


-~Increasing plastic- 
ity with depth 


ZONE 4 
Ice layers) 
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After Roggensack (1975). 


DESCRIPTION 


133(a). 


GROUND 
ICE LOG 


-Thawed at time Len 
of sampling se 


-Quite dry 


-Fine, predominantly 
horizontal ice 
-Lenses average 2 
to 3 mm thick at 
1 cm spacing 


-15 to 20% ice seg- 
regated by volume 


—liceypat contact 


-Uniformly distri- 
buted ice in retic 
ulate structure 


-Principal veins 
are quite clear 


-Sub-vertical and 
sub-horizontal at 
5 to 7 cm spacing, 
Up mcom lcm tha ck 


-Minor set at 1 to 
1.5 cm spacing 


-20 to 30% ice 
segregated by 
volume 


-Sub-horizontal ice 
lenses, 5 + cm 
thackeate onto, 30 
cm regular inter- 
vals 

-Fine reticulate 
structure in soil 
between layers 


-15 to 20% ice 
segregated by 
volume 


Description of Sediments of Fort Simpson 
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Aerial View of East Flank ot Fort Simpson Landslide 


Fig. 5-4 
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southeast flank of the slide a cuspate appearance. It is the area 
circled "A" in Figure 5-3 and enlarged in Figure 5-5 that was studied 
in detail in this project. | 

| The shape of this immediate region varies substantially from 
time to time depending upon the soil-ice stratigraphy and the profile 
of the bank above the slide. During the summer of 1974 the headscarp 
varied from 20 to 40 feet in height and sloped at 45° to near vertical. 
The main part of the ablating face is north facing. However, the flanks 
of the bowl face east and west and recession of these faces proceeds 
at a rate comparable to that of the north slope. Figure 5-6 provides 
a view of the head scarp as it existed in July, 1974. As the perma- 
frost melts, it sloughs off the face and the debris slides down the slope 
on the frozen surface of the underlying soil. It appears that an 
exposed face of frozen soil and the pore water pressures that are 
generated by an advancing thaw front are required to maintain the active 
retreat of the headscarp. Otherwise, the debris becomes lodged on the 
face of the headscarp and it will not readily move downslope. A small 
reservoir of mud, exhibiting a consistency near to that of the - liquid 
limit of the soil forms at the base of the headscarp. When a suffic- 
jent volume of this material has accumulated it gradually moves down 
slope forming a typical mud flow as described by Kerfoot (1969). Figure 
5-7 illustrates the mud flow that had developed at the Fort Simpson 
Slide in July, 1974. 

The head scarp exposure reveals the presence of an upper 

layer of sand of varying thickness but general ly increasing in thick- 
ness with distance from the river. Below this sandy layer lies a 
silty clay or clayey silt with intrusions of sand pockets. The thick- 


ness of the sorted materials appears to be in the order of one hundred 
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Plan View and Instrumentation of Headscarp of Bimodal 
Flow at Fort Simpson Landslide 
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Fig. 5-6 View of Headscarp (July 1974) 


Fig. 5-7  Mudflow at the Base of the Headscarp 
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and fifty feet at a distance one thousand feet back from the shore 
line. This layer of material appears to pinch out near the shore 
line of the river. 

The upper sand layer is quite variable in thickness through- 
out its areal extent. It is largely absent in the area where severe 
ablation is presently in progress. The other areas of the slide are 
essentially stable because the retreating headscarps have encountered 
reasonably thick beds of sand. This granular material is thaw stable 
and as melting occurs it sloughs down over the face of the lower ice 
rich sediments forming a stable active layer. 

The stratigraphic profile shown in Figure 5-3(a) of the head 
scarp may be most easily described by recognizing four reasonably distinct 
zones, differentiated on the basis of the amount and type of ground 
ice. The active layer has been designated as Zone 1 and it is ape 
imately one metre (3 feet) in thickness, as determined from a test 
pit dug at the top of the head scarp in Oct. of 1973. The thawed soil 
consisted of clayey sand grading into sandy to siity clay with increas- 
ing depth. Zone 2 is considered to be an extended relic active layer. 
Generally the soil is a silty clay with rhythmically banded ice lenses 
of from 2 to 5 mm. in thickness. The water contents in this zone are 
extremely variable, depending on the location and the size of the sample. 
Occasional lenses of sand and local thick ice lenses are evident in 
this zone. Water contents as listed in Table 5-1 indicate variations 
of from 20 to 125%. However, the writer recommends that these high 
values should not be considered in determining a representative water 
content for this zone. Zone 3 consists of 4 to 5 meters of medium to 
highly plastic clay extending across the face of the head scarp. The 


ground ice is essentially a fine reticulate network occasionally ex- 
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posing repeating horizontal ice lenses of 5 to 10 mm. (2 to 4 in.) in 


thickness. The unit weight of this material ranges from 14 to 18 kN/m? 
(90 to 115 pcf) with typical water contents of 37 to 72%. This zone is 
occasionally very ice rich with the lenses ranging from 5 to 25 cm. 
(2 to 10 in.) in thickness. These lenses appear to dip sub-parallel 
to the face of the scarp. Bedding planes, although obscure, within 
the soil mass between the lenses are ee cantiany horizontal. Undrained 
strength tests performed on this material were extremely variable and 
generally quite low. Strengths ranged from near zero to as high as 
10 to 15 kN/me (200 to 300 psf). Zone 4 is essentially unexposed at 
the head scarp and exists to an unknown depth below the upper materials. 
This soil (between the ice lenses) is a high density, medium to highly 
plastic clay. It has a total unit weight of from 16 to 18 kN/m? (102 to 
115 pcf) with water contents ranging from 28 to 53%. Undrained strengths 
of this material range from 5 to 10 kN/m? (1000 to 2000 psf), (Roggen- 
sack, 1975). This layer of competent material may well play an impor- 
tant role in limiting the depth to which the flow slide has developed 
at this site. The soil is dense enough and of sufficiently low water 
content to render it reasonably stable when thawed. If this material 
does not slough and fall away during the ablation process, then it will 
form the base of the flow slide. The above statements are only spec- 
ulation and a pee earcncive drilling program would be essential to. 
establish the location of this material relative to the base of the mud 
flow throughout the existing slide. Figures 5-8, 5-9 and 5-10 indicate 
the different zones described above. 

The index properties and soil gradation are given in Table 5-1. 


It is interesting and of significance to note that the index properties 


Personal communication. 
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and grain size distribution of the soil within the zones are essentially 
the same. Only the amount and nature of the ground ice differentiates 
the visual classification and behavior of the different zones. The 
numbers set within the boxes are considered to be the most representative 


of the values recorded for any listed property. 


5.3 Ablation Rates 
9.3.1 Measurement Techniques 

The rate at which the head scarp retreated was determined from 
physical measurements taken daily around its perimeter at six different 
Stations. A technique was developed that enabled all activity assoc- 
iated with the measurement to be performed from the top of the escarp- 
ment. Slender timber rails were extended over the edge and secured in 
a horizontal position. A plumb bob was permanently fastened to each 
rail so that it swung freely a few cm. from the face of the soil (Fig- 
ure 5-11 and 5-12). A light cord was threaded through a hollow conduit 
and another weight fastened to this cord. At the time of measurement, 
the conduit was extended along the rail to the point where the plumb 
bob was fastened. The weight on the cord in the conduit was lowered 
until it coincided with the level of the plumb bob. The cord was held 
securely and the conduit was moved back horizontally along the rail 
until the weight came into contact with the face of the soil. The end 
Pith conduit was marked on the timber rail and thus the movement of 
the face was established each day at the same level. The weight was 
lifted an arbitrary amount and a similar measurement taken part way 
up the slope. All of the stations did not always provide reliable 
daily ablation rates. Occasionally the melted soil became lodged on 


the face of the slope indicating that melting was not occurring for 
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a number of days. However, when the weight of the melted material 
became sufficiently large to overcome the shearing strength of the 
soil at the thaw front, the material would slough off and move 


down the slope exposing the frozen face to a new cycle of ablation. 


9.3.2 Magnitude and Heat Requirements 


Ablation measurements were taken from June 21, 1974 to 
July 21, 1974. The retreat ranged from a minimum of 256 cm. to a 
maximum of 455 cm. The larger numbers are associated with stations 
where the ground ice was relatively uniform and rhythmically banded. 
These soil conditions allowed the material to fall away from the face 
as quickly xe it melted providing a truer indication of the ablation 
rate than areas that retained the melted soil. The recorded data are 
presented in Figures 5-13 to 5-18. Figures 5-13, 5-14, 5-16 and 5-17 
indicate ablation rates at stations 1 and 1(a), 2 and 2(a), etc. 

The subscript "a" indicates a measurement taken approximately 1 metre 
above the break in the slope of the head scarp at the same station. 
The data presented in Figures 5-15, 5-16, and 5-17 provide the most 
reliable data and will therefore be used to compute the amount of 
heat utilized in maintaining this rate of melting. The average rate 
of retreat for stations 3, 4 and 5 for the time period of measurement 
was 14 cm/day. 

A representative water content of the soil from this body of 
permafrost is very difficult to determine. This is largely due to 
the variability of the material and the presence of large ice lenses. 
Sampling was not attempted during the summer while the remainder of 
the experimental work was being conducted. Obtaining frozen cores 


from the face of the melting head scarp was not feasible. Frozen 
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Accumulated Ablation (cm) 


g. 5-12 Ablation Measurement Technique 
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Fig. 5.13 Accumulated Ablation at Sta. 
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Fig. 5.14 Accumulated Ablation at Sta. 2 
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Fig. 5.15 Accumulated Ablation at Sta. 3 
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Fig. 5.16 Accumulated Ablation at Sta. 4 
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Fig. 5.17 Accumulated Ablation at Stdeno 
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Fig. 5.19 Water Content vs. Relative Frequency Curve 
(After Roggensack, 1975) 
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cores were taken from the face in Oct., 1973 and Oct., 1974. Figures 
5-8 and 5-9 indicate the areas in which the major sampling was con- 
ducted. Approximately 10 to 15 cores were taken from each zone with 
the majority obtained from zones 3 and 4. Both three-inch and four- 
inch diameter samples were obtained that ranged in length from 10 or 
more cm. to 60 to 70 cm. (4 to 25 in.). A number of these water 
content determinations are reported in Table 5-1. One possible way 
of reporting the water contents is to suggest that they embrace a 
range of 20 to 100% by dry weight of soil. However, this produces 

an unrealistic range and it becomes necessary to discard the lower 
and higher values and work toward a more realistic range. The dec- 
ision to discard the lower and higher values is acknowledged to be 
somewhat subjective on the part of the author. However, after spend- 
ing a number of weeks on the site and after examining numerous cores 
and block samples extracted from the face of the headscarp it was 
obvious to the observers that these excessively large water contents 
were not indicative of the average values at the site. Roggensack 
(1975) has performed a variety of tests on the material in zones 3 
and 4. Part of the information from his work is shown as water con- 


tent versus relative frequency curves in Figure 5-19. The curve is 
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skewed to the left indicating a subjective bias for testing intact sam- 


ples of low ice content material. He indicates a mean value of 40% with 


a standard deviation of approximately 10%. These data, along with 
that reported in Table 5-1, form the basis for narrowing the range 


£Ons0 to 50%. 


The value of the volumetric heat in this material may be 


computed from the equation: 


* Personal communication. 
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L' (w-w) y 


z Ueact 
acrerasaian - - - [3.7] 
where L' = (the volumetric latent heat of fusion of ice) = 79.6 
cal/gm. 


w = the gross water content of the soil. 


Kor total unit weight of the soil. 


If the material is assumed to be saturated and G. = 2.75 then L has 
values that range from 36 to 46 cal/cm>. The amount of heat required 


to sustain the rate of retreat quoted above may be computed from the 


equation: 
q= Ve + VC AT (Carslaw and Jaeger, 1947) - - - [5.1] 
where V = the rate of ablation in cm/day 
L = the volumetric latent heat of fusion of the soil 
as computed from equation [5.1] 
C = the volumetric heat capacity of the soil in cal/em> aC 
AT = oR - 0°) where lea ground temperature. If the head- 


scarp is considered to be isothermal at 0° C then the equation reduces 


to: 


q = VL =o [5.2)] 


The unfrozen water content (w) may be neglected since the 
uncertainty involved in estimating the total water content is sub- 
stantially greater than the unfrozen water content indicated for 
this soil. Substituting values of V and L computed above yields a 
value of q that ranges from a minimum of 504 to a maximum of 645 ly/day. 


This is a substantial amount of heat and, as will be shown 
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Subsequently, is well in excess of the amount of het radiation imping- 


ing upon the head scarp. 


5.4 Radiation Balance 
5.4.1 Short Wave Radiation 

Total short wave radiation was monitored at Fort Simpson 
by the Ministry of Transport, Telecommunications Branch with a 
bimetallic actinograph which recorded daily totals on a horizontal 
Surface for a period of eight years. Collection of data was discon- 
tinued on May 11, 1964. The daily mean values for June and July 
are 534 and 469 ly/day with standard deviations of 29 and 37 ly/day 
respectively. Daily totals are published in the Monthly Radiation 
Summary, Canadian Meteorological Branch from 1960 to 1964. The 
research project activities spanned the time interval from June 15 
to July 20, 1974 and it is, therefore, reasonable to average the 
two values and consider a mean of 500 ly/day with a standard deviation 
of 33 ly/day. 

Since only total values have been recorded it is necessary 
to separate the direct beam from the diffuse component. This may be 
accomplished by using Figures 4-3, 4-4 or 4-5. For example, K = 
500/975 = 0.515 and the total radiation D. = 0.37 (Fig. 4-4). These 
data are all the radiation information required to estimate the amount 
of short wave radiation impinging on the headscarp. The program listed 
in Appendix C is designed to compute the direct beam and diffuse 
short wave radiation incident on a sloping surface. The required 
information is Kr Ds the latitude of the site, the angle and orien- 


tation of the slope and the time period of interest. 
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Table 5-2 has been assembled by using 500 ly/day as being 
representative of the average daily short wave radiation incident upon 
a horizontal surface at the Fort Simpson site. Four different ratios 
of diffuse to total radiation have been chosen to cover the possible 
range likely to be encountered. The slope angle has been varied from 
0 to 80° and the orientation has assumed the four principal directions. 
Column 4 has been computed by evaluating the area under the curve 
shown in Figure 5-20 and comparing it to the arda under the curve in 
Figure 5-21. The actual magnitudes of the ordinates in the two figures 
have no meaning and only serve to explain the process. These ratios 
have been computed on a daily basis and averaged over the period of 
interest again by using the computer program. Column 5 has been 
computed from equation 4-37 . All values have been computed without 


considering the possibility or effect of sky line obstructions. 


5.4.2 Net Short Wave Radiation 

No direct albedo measurements were attempted at the site. 
However, the slope may be considered to be a dark wet soil and a value 
of 13% has been chosen on the basis of values quoted in Table 4-1. 
Column 7 in Table 5-2 represents the net short wave radiation as com- 


puted from equation 4.50 


5.4.3 Net Long Wave Radiation 
The magnitude of the net long wave radiation has been 


computed for the control area indicated in Figure 5-3. The aver- 
age ground temperature below the sensor in the control area was 


generally 2 - 5° c cooler than the air temperature. Equation 4.24 
4 4 : 
Beco (atbvYe) - T, } and equation 4.28 
4G 
cy Se (Ga Be 
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- 1) hawe been used to compute these values. 
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Fig. 5.20 Cos A vs. Time for a Sloping Surface 
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Fig. 5.21 Cos A vs. Time for a Horizontal Surface 
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The average long time air temperature and vapour pressure 
in Fort Simpson for the period of interest is 15°C and 14.3 mb 
respectively. These values represent the average of the previous 
10 years of measurement (Canada Dept of Transport, 1974). The 
average ground surface temperature was assumed to be 12°c. If the 
values a = 0.605, b = 0.048 and e, = 0.95 are used in equation [4.24] 


Gy = 7133 ly/day. If equation 4.28 is evaluated using G = 0.87 


G. 

(London, 1957) and aaa 0.95 then qn = -126 ly/day. The difference 
between these RnonTaiies is insignificant. The value computed from 
equation 4.24 will be accepted because some provision has been 
allowed for differing air and ground surface temperatures. This 
daily value of net long wave radiation represents an hourly inten- 
sity of approximately -5.5 ly/hr. The maximum negative value rec- 
orded at the test site was -6.2 ly/hr. Values of this magnitude 
have been measured by Wendler and Weller (1974) and are shown to 
be common by Muller (1967). 

Net long wave radiation on sloping surfaces where air 


temperatures differ from surface temperatures have been computed 


from equation | 4.52] 


4 2 
= cofT,. (ath) /é9)a> Ted (le-seaus ing 8/21) 


ILNS 5 


Table 5.3 summarizes the values for the same air temperature, 
humidity, soil emissivity, and a and b parameters as used prev- 
iously. A ground surface temperature of 5°C was considered to 


* 
be representive of the exposed thawing permafrost (Mackay, 1975) . 
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equation [4-28] 
ian 

Gn = e507, ( Bars - 1) will be used to compute these values. 
The average long time air temperature and vapour pressure in Fort 
Simpson for the period of interest is 15° C and 14.3 mb respectively. 
These values represent the average of the previous 10 years of measure- 
ment (Canada Dept..of Transport, 1974). If values of a = 0.605, 
b = 0.048 and E> = 0.95 are substituted into equation [4-25], qn -174 ly/ 
day. This value appears exceptionally low for an average net loss per 
day, as there are no known data to support these large negative values. 
It would, therefore, appear that the parameters a and b_ have been 
inappropriately chosen for the particular atmospheric and climatic con- 
ditions occurring at this location. If equation [4-28] is evaluated 


using G_/G, = 0.87 (London, 1957) and e, = 0.95 then qin = -135 ly/day. 


S 
This daily value of net long wave radiation represents an hourly inten- 
Sity of approximately -5.6 ly/hr. The maximum negative value recorded 
at the test site was -6.2 ly/day. This occurrence was rare and was 
noted only once or twice during the period of observation. Therefore, 
it appears that there is no justification for using average daily 
values in excess of -135 ly/day. Values of this magnitude have been 
measured by Wendler and Weller (1974) and are shown to be common by 
Muller (1967). 

Net long wave radiation on sloping surfaces may be computed 
from equation [4-53]: 

et, | < cg 7 1+ 65 sin a/2) 


Table 5-3 summarizes the values for the same air temperature, humidity 
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and soil emissivity as listed above. 


5.4.4 Net Allwave Radiation 

The net 4Allwave radiation that may be anticipated at the 
Surface of the ground at the test site assuming an albedo of 13% and 
average air temperature and humidity conditions may be estimated by 
numerically adding the values of net short wave radiation from column 
7 in Table 5-2 with those from column 2 in Table 5-3. The results of 
this addition appear in Table 5-4. An interesting observation may 
be made from the former table regarding the computed values of net 
radiation. The magnitude of the values appear to be essentially 
independent of the slope angle for slopes up to approximately 50 deg- 
rees. The difference in predicted magnitudes for north and east or 
west facing slopes is only in the order of 80 to 100 ly/day for slopes 
up to 50 degrees and represents a maximum difference of 25% for the 


former slope angle. 


520 Radiation Field Instrumentation 

Total short wave radiation was monitored at the site to 
ensure that unusual discrepancies from the established mean were not 
Occurring over the period of measurement. The instrument used was a 
standard Eppley Black and White Pyranometer. The pyranometer was 
mounted according to recommended procedures supplied by the manufacturers. 
It was located in the region of the slide designated as the control 
area in Figure 5-3. Data from this sensor were recorded by the data 
acquisition system and will be presented subsequently. 

Net radiation was monitored with five Fretschen Type R422 


Net Radiometers. This model simultaneously measures incoming and 
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outgoing radiation and provides a mV output signal proportional to the 
sum of the incoming minus the sum of the outgoing radiation. The sensor 
consists of 2-22 junction thermopiles covered with polyethylene domes. 
It does not require the continuous flow of dry air across its surfaces 
as do many other similar models. The domes are sealed and filled with 
dry air and a desiccant is provided to eliminate internal condensation. 
The sensor is approximately 5 cm. (2 in.) in diameter and is 55 cm. (22 in.) 
long. Figure 5-22 provides a view of one of the radiometers used at 
the site. 

One radiometer was mounted in the horizontal position in the 
control area (Figure 5-3) and placed approximately 4 ft. above a veg- 
etation free Surface. The signal from this sensor was recorded on 
channel] 5. The location of the remaining four radiometers is shown 
in Figure 5-5. Each sensor was fastened to a 3m. (10 ft.) x 1.25 cm. 
(1/2 in.) diameter light conduit. The conduit was lashed to a slender, 
wooden rail and the instrument was carefully placed over the edge of 
the head scarp and maintained in position 3 or 4 ft. above the surface. 
The plane of the sensor was placed reasonably parallel to the plane 
of the head scarp whenever possible. Two of these instruments (No. 2 
and No. 3) were placed so that they were facing approximately north 
while the other two faced east and west respectively. Figure 5-23 
indicates the manner in which the sensors were placed and secured around 
the head scarp. The signals from these four sensors were recorded on 
channels 1, 2, 3 and 4 of the recording system. The data obtained 


from these observations will be presented and discussed subsequently. 


5.0 Data Acquisition System 


Short wave or net radiometers are simply differential thermo- 
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Fig. 5-22 Net Radiometer (Fritchen Model) 


Fig. 5-23 Net Radiometers Around Headscarp 
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159. 
piles with hot and cold junctions that generate electromotive forces 
when exposed to sources of thermal radiation. It is, therefore, necessary 
to monitor and record the output signal from each sensor by some 
electronic means. Figure 9-24 indicates that the magnitude of the 
Signal from a radiometer can vary dramatically over a short period of 
time if cloud cover happens to provide the proper conditions on a typical 
Summer day. It was therefore considered desirable to design a system 
that would electronically integrate the signal from the sensor over a 
predetermined period of time. The millivolt signal from the radiometer 
was carried by a shielded cable to an instrument amplifier" that allowed 
a very low voltage to be increased to accommodate the requirements of 
the integrating totalizing circuits’. The amplified signal was then 
fed to this integrating circuit that changed the D.C. input signal to 
a square wave pulse signal. These pulses activated decade counters 
that registered the number of pulses per unit of predetermined time. | 
This time unit was chosen to be one hour. The number of pulses which 
are directly proportional to the original input signal were then 
printed out on a simple parallel line printer. The system was some- 
what complicated in that it was required to record negative values of 
net radiation that may occur under clear sky night time conditions (noc- 


turnal radiation). The integrating totalizers were "zero based" 


i Model 260K Variable Gain Chopper Stabilized Amplifier 
Analog Devices Inc. 
Cambridge, Massachusetts 


Electronic Integrator-Totalizers Series 200-zero based inputs 
Acromag Incorporated 
Wixon, Michigan 

“Becade counters:2 designed and assembled by R. Gitzel, 
ciectronics Technician, U. of A. 

KKK 


Franklin 1200 Digital Printer Model €1220D-11-6B12-SR 
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indicating that they could not accommodate a negative voltage. This 
Problem was solved by placing a summing amplifier between the instru- 
ment amplifier and the integrating totalizers. This feature ensured 
that the output from the instrument amplifiers would be offset in a 
positive sense so that negative values would not appear at the integ- 
rating totalizers. 

The system was capable of handling six channels simultan- 
eously. A control circuit which was activated by a digital clock 
controlled the counter boards. The control unit sampled each circuit 
On the hour every hour. The number of pulses accumulated in the previous 
hour were printed out along with the channel number and the time 
registered on the digital clock. The counter was automatically 
zeroed and monitoring for the following hour continued. All circuits 
were read, their values printed out and the counters zeroed within 
Six seconds. 

The signal from the summing amplifier was also fed to a strip 
chart recorder. This latter unit provided a continuous visual 
presentation of the data and assurance that the system was operating 
properly. In addition, it acted as a back up system for recording 
Padiee oh quantities if the integrators or printer ceased to function. 
Power for the system was provided by 2 - 350 Honda AC 110 volt 60 cycle 


KKK hog. 
generators. The power was fed through a regulator to eliminate 


Operation Amplifier, Cardinal Industrial Electronics, 
Edmonton, Alta. 


**ectronic Research Company Series 2400 Digital Clock 
~ Six Channel Honeywell Strip Chart Recorder 


Bec iticon Controlled Rectifier AC Regulator 
Model No. ACR 1000 
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voltage surges and stabilize the frequency. Figure 5-25 provides a 
schematic sketch of the radiation instrumentation employed at the site. 
Figure 5-26 is a pictorial view of the system housed within a nylon tent. 
The data acquisition system worked remarkably well as long as 
the generator supplied uninterrupted power. However, power losses and 
complete failures were common due to malfunctioning of the generators. 
These failures caused interruptions in the data accumulation and in 
some cases precipitated a failure of the power transformer within the 
control unit of the acquisition system. Parts for repair and replace- 
ment units were only available in Edmonton and although only one 
generating unit was required to operate the system, a number of days 


often elapsed before power could be restored. 


B7 Measured Total Short Wave Radiation 

Monitoring of radiation quantities began at the test site on 
June 20, 1974 and ended on July 21, 1974. Data collection was not con- 
tinuous over that period of time due to power failures. A complete 
record was established for 15 days, partial data for 12 days and the 
system was completely inoperative for 5 days during the total period 
of monitoring. The data are presented in Figure 5-27. The solid hor- 
izontal bars indicate the days when monitoring was continuous. The 
dotted lines indicate values that have been determined by partial 
samp] ing and correlation with weather conditions existing when sampling 
was complete. When the above methods could not be used, a value of 
467 ly/day was used which represented the average of daily radiation 
values when sampling was continuous. Table 5-5 lists the values of 


total radiation as recorded and extrapolated at the test site. The 
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new average using this procedure is 475 ly/day. This value falls within 
one standard deviation of the long time average for a horizontal surface 


at Fort Simpson and is therefore considered to be reliable. 


O28 Measured Net Radiation 

The problems associated with obtaining a continuous record of 
net radiation were the same as previously discussed for total short 
wave radiation and the techniques for filling in the gaps in the record 
were also similar. The data are presented in Figures 5-28 to 5-32, 
inclusive. The convention for solid and dotted bars is the same as 
that presented in Figure 5-27. Table 5-6 summarizes the daily values 
and also provides the accumulated totals. Figure 5-33 illustrates the 
accumulated net radiation over the period of observation at the test 
Site. The average accumulated totals have not been plotted in Fig- 
ure 5-33 because they coincide almost directly with the values from 
sensors 1 and 3 and the lines become indistinguishable. Table 5-7 
compares the measured values of net radiation with those computed using 
synoptic values of short wave radiation and also using measured values 
of short wave radiation. The average value of net radiation recorded 
by the horizontal sensor in the control area using the aforementioned 
methods of interpolation and extrapolation was 350 ly/day. The com- 
puted values , using synoptic estimates and measured values of short 
wave radiation are 302 and 280 ly/day respectively. The measured value 
is also greater than the synoptic net radiation estimates of 250 ly/day 
for this region (Burns, 1973). The latter discrepancy is not unreason- 
able because the average albedo of the terrain in the Mackenzie Valley 
is undoubtedly greater than the value assumed for the bare soil beneath 
the sensor in the control area. Moreover, an average surface temper- 


ature that is lower than the average air temperature will contribute 
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Wee 
to larger measured values of net radiation than those predicted in 
Table 5-4. A comparison of the predicted feruee of net radiation with 
those measured from the net radiometers situated in the bowl of the 
headscarp indicate that they consistently monitor values that are from 
30 to' 50% or 26 to 38% lower (depending on which comparison is chosen) 
than those predicted. This difference is attributed primarily to the 
Shading of the sensors by the 40 to 60 foot trees that surround the 
south and east portions of the headscarp. Sensors 3 and 4 were exposed 
to much less shading and the discrepancy between the measured and predicted 
values is less than 30%. Section 4.3.2 has suggested some methods to 
account for shading due to sky line obstructions on planar slopes. 
However, the chaotic and constantly changing geometry of both head- 
Scarp and obstructions eliminated the possibility of similar cal- 
culations for the test site. The average value of radiation measured 
in the headscarp is 247 ly/day. This value is 30% lower than that 
measured on a horizontal surface without shading. The former value 
is essentially equal to the synoptic estimates for the upper Mackenzie 
Valley (ibid). This correlation may be somewhat fortuitous in view 
of the assumptions regarding albedo and the effect of shading. How- 
ever, the results show that the radiation balance at the headscarp of 
a bimodal flow slide in the subarctic may be estimated with sufficient 
accuracy for most engineering applications from published synoptic 


data. 


59 Latent Heat Transfer 


The two significant remaining terms in the heat balance equation 
are the latent heat transfer and sensible heat transfer. It is theor- 


etically possible to quantify the former term by physical measurements 
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174. 
involving lysimetric techniques outlined in Chapter 4. A permafrost 
lysimeter was, therefore, designed and built in an attempt to obtain 
the magnitude of the latent heat term. Figure 5-34 illustrates the 
design. 

The equipment consisted of a tray to contain the melting soil 
and a reservoir to retain the melted soil-water mixture (Figure 5-35). 
Both tray and reservoir were constructed from 1.25 cm. thick polyvinyl- 
chloride. The tray provided a projected surface area of 2/700 cm”. 
The lower end of the tray was fitted with a finger type grate that 
allowed the passage of water and mud, but retained the frozen soil and 
ice mixture. This end of the tray fitted snugly into a closed reservoir 
that contained the thawed soil and essentially prevented any loss or 
gain of water by evaporation or condensation. The reservoir was covered 
with aluminum foil to minimize radiative heat transfer. 
| Frozen soil and ice were chipped from the head scarp, placed 
in the tray and weighed with a load cell to within an accuracy of + 25 gms. 
Approximately 18 to 22 kgs. of material were used for each test (Figure 
5-36). The tray was then inserted into the mouth of the reservoir and 
both units were placed in a plywood box designed to contain and transport 
(at the proper angle) these two latter units. The assembled lysimeter 
was suspended from a portable hand-operated crane and swung into pos- 
ition over the edge of the escarpment. The unit was carefully lowered 
to a suitable spot within the melting mass of ice and mud. It was 
secured in such a way that it rested partly on the slope and was partly 
Suspended by the crane at the same angle as the slope (Figure 5-37). 

The exposed ice and soil in the tray were allowed to melt and 
drain into the reservoir. When melting was reasonably complete the 


lysimeter was retrieved and the reservoir and tray were again weighed. 
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A gain or loss in weight of the two components could be directly in- 
terpreted as either condensation or evaporation respectively. The 
lysimeter was allowed to remain on the slope for different periods of 
time, which was usually dictated by the working hours at the test 
site. Tests were conducted both during the day and night. A measure 
of the heat gain per day on the exposed slope was estimated from the 
results of the collected data. The heat gain per hour in the lysim- 
eter was computed by determining the weight gain of the lysimeter, 
dividing by an estimated exposed surface area of the material in the 
tray, multiplying by the latent heat of vaporization and finally 
dividing by the number of hours that melting had occurred. For sim- 
plicity an approximate value of of the exposed surface area of the 
permafrost in the tray may be determined by considering the upper 
Surface to be composed of spherical shaped particles approximately 
5 cm in diameter. By adding one half the surface area of the spheres 
to the remaining exposed area between the spheres a total exposed 
surface area of 4850 cm® is obtained. Table 5-8 provides the 
presentation and interpretation of the data collected at the test site. 
A wide variation in the weight change of the lysimeter 
was noted during the period of time that the tests were conducted. 
However, it is interesting to note that the lysimeter gained a sub- 
stantial amount of weight for all the tests conducted at the site. 
It is also significant to note that the amount of heat supplied to 
the slope by the heat of condensation was always significantly greater 
during the day than at night. This observation is to be expected 
because the transfer of vapour is a function of air turbulence which 
is invariably greater during the daylight hours than at night. Day 
time values indicate an average of 8.9 ly/hr. and night time values 


of 3.4 ly/hr. If these values are to be extended to daily averages 
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and ultimately to accumulated totals, it is necessary ta decide 
over which hours they are applicable. A reasonable division 
during this season is sugcested to be 10 hours of daytime and 
14 hours of nighttime atmospheric conditions. The heat flux 
cue te condensation of vapour on the slope using these numbers 
is, therefore, approximately 137 ly/day. 

The data in Table 5-§ indicate that there is a general 
but not rigorous correlation between wind speed, relative humidity 
and magnitude of heat flux due to the heat of condensation. The 
higher wind speeds and relative humidities are often but not always 
associated with the larger magnitudes of vapour transfer. The tech- 
nique of measurement and computation inadvertently incorporate aver- 
aging mechanisms that tend to obscure the direct interrelationship 
of atmospheric conditions and vapour transport to the surface. The 
theoretical equations referrad to in the previous chapter used to 
predict vapour transport use the general relationship of vapour 
pressure differences combined with some functional relationship 
involving the product of wind speed. Figure 5-38 shows the 
relationship derived by aToreing the product of the average wind 
speed and relative humidity versus the measured heat of conden- 
sation. Although the scatter is substantial the trend is evident 
and follows the form that would be anticipated. The dotted curve 
indicates that maximum rates of condensation will occur under 


appropriate combinations of wind speed and humidity. This phenomenon 


is also typical of measured evaporation rates and wind speeds (W.M.0O., 


1966). 
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i wind speeds were recorded with a standard Monroe (Mark II) Totalizing 


3 cup counter anemometer. 
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An attempt was made to establish the vapour pressure grad- 
jent above the headscarp. The wet bulb-dry bulb technique was employed 
to determine the vapour pressure at different levels above the 
exposed permafrost. The temperature sensors consisted of 24 gauge 
copper constantan thermocouples housed inside a 2.5 cm. diameter by 
1.5 cm. lucite tube. The tube was covered with Virginia Foam Insul- 
ation tape and wrapped in aluminum foil. Since the foil has a high 
albedo and correspondingly high emissivity and since the insulation 
tape is a poor heat conductor, radiant heating was minimized. The 
wet bulb sensor was encased within a cotton muslin sheath approximately 
15 cm. long. Distilled water was fed by gravity to the cotton sheath 
from a plastic bottle suspended above the sensor. The water flowed 
through a small plastic tube and into a 11 cm. long 20 gauge steel 
hypodermic needle tube. The steel tubing was encased within the 
cotton sheath so that the water was precooled by the evaporating wick. 
The mouth of the radiation shield was covered with mosquito netting 
and aspirated with a domestic vacuum cleaner. The response of the 
wet bulb sensor seemed to be relatively insensitive to the volume 
of air flowing through the tube and it was found that a vacuum cleaner 
was capable of supplying sufficient air velocities to completely 
depress the wet bulb sensor. The dry bulb sensor was placed within 
the shield approximately 2.5 cm. in front of the saturated wet bulb 
sheath. Figure 5-39 provides a schematic illustration of the com- 
ponents. The complete system was comprised of 3 units placed approx- 
imately 1 meter, 3 meters and 6 meters above the headscarp. | 

The wet and dry bulb temperatures were recorded on a 12 
channel Honeywell Electronik 15 Strip Chart Multipoint Recorder that 


Sampled the signal from each sensor once every two minutes. The 
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sensors were calibrated in the laboratory using a constant temperature 
bath and a precision thermometer that was accurate to better than + 0.1° C 
over the range of 8 to 25° Cy 

The whole system could be rated as moderately satisfactory. 
The major problem encountered was that of maintaining a constant rate 
of water flow to the cooling wicks. If the water reservoirs had been 
operated nndemierescure and the rate of flow controlled with a needle 
valve, perhaps a higher level of performance could have been realized. 
It was necessary to inspect the wicks once every 2 or 3 hours to 
ensure the flow was maintained at a reasonably uniform rate. As a 
result, excess water as well as insufficient water often caused spur- 
ious readings in the magnitude of the wet bulb depression. 

Considerable data have been collected to indicate the mag- 
nitude and direction of the vapour pressure gradients existing above 
the headscarp. Again the data are sporadic due to power failures. 
Obvious errors were often evident in the wet bulb readings, and there- 
fore, a measure of data selection was employed in assembling the values 
that are presented in Appendix D. The gradients have been computed 
between the surface and the 1 meter level, 1 meter and 3 meters, and 3 
meters and 6 meters. The vapour pressure of the surface was assumed 
to be the saturation vapor pressure over ice or water at 5 ont (8.7 mb). 
The results indicate that a sharp positive gradient exists from the 
air to the surface at the lowest level. The profile of this gradient 
is highly non linear because sporadic checks of the vapour pressure at 
0.3 meters indicated pressures only slightly lower than those recorded 
at the 1 meter level. Figure 5-40 presents some selected data from 


Appendix D to show the sign and magnitude of the gradients above the 


headscarp and how they vary with time. Reversals in sign often occur 
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Fig. 5.40 Typical Vapor Pressure Gradients Above the Head- 
scarp 
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at the 3 meter level indicating the unpredictability of the Stability 
of the air mass in the region of the landslide. This type of instab- 
ility was anticipated because of the non uniformity of the terrain. 

All the vapour pressure data substantiate the results from 
the lysimeter in general terms. However, it appears unlikely that 
this information could be used effectively in an analytical approach for 
computing the amount of energy transferred to or from the surface. It 
was stated in Chapter IV and is again reaffirmed that these methods 
require a degree of atmospheric predictability and uniformity. Such 


atmospheric conditions were absent in the region above the headscarp. 


B10 Evaporation Quantities 


Evaporation quantities were monitored in the control area by 
using a Class A evaporation pan. The pan was mounted in accordance 
with recommended practices (W.M.0., 1966). Readings were taken on 
a daily basis. Figure 5-41 indicates the magnitude of the daily 
evaporation values. A pan coefficient must be applied to these values 
if they are to be interpreted as being representative of the potential 
evaporation in this region. These coefficients may range from 0.67 
to values in excess of 0.90, depending upon the time of year (ibid). 
The lower values are usually associated with evaporation quantities 
recorded in the summer mentee It is suggested that a value of 0.70 
applied to the pan data would provide reasonable estimates of the 
potential or lake evaporation in the area. 

The average daily corrected value of 0.45 cm/day is some- 
what greater than 0.32 cm/day recorded by Brown (1965). The former 
‘alue is equivalent to 270 ly/day which indicates that the major part 


of the net radiation available at the surface is utilized in evap- 


Oorating water. 
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It is interesting to point out the very Significant changes 
that occur in the heat balance at the surface of the exposed permafrost 
and the bare soil which is warmed to approximately air temperatures 
and is within a few hundred feet of the exposed permafrost. The 
amount of latent heat transfer is approximately double but opposite 
in sign, indicating a strong cooling effect where evaporation is 


occurring and a strong heating effect over the cool permafrost surface. 


S21] Sensible Heat Transfer 

The discussion in Chapter 4 suggests that attempts to compute 
the transfer of heat to or from the surface are largely futile. More- 
over, techniques involving direct measurement are very costly, require 
uniform terrain, and are generally unreliable. Therefore, under the 
conditions imposed by the character of the local terrain, the mag- 
nitude of this term may only be determined by computing it as the 
residual quantity in the heat balance equation. 

Dry bulb temperature readings were taken (as previously 
described) in order to establish the existence of a temperature 
profile above the headscarp. Again the data is sporadic due to 
power failures. Temperature gradients have been computed from these 
results and appear in Appendix D. The gradients have been computed 
between the surface and the 1 meter level, 1 meter and 3 meters, and 
3 meters and 6 meters. A strong non-linear positive gradient exists 
between the surface and the 1 meter level with a general decrease 
noted with height. Figure 5-42 indicates the sign and magnitude of 
some temperature gradients selected from Appendix D. The occasional 
reversal in sign will be noted at the 3 meter level, again Suggesting 
instability of the air mass. However, the data firmly substantiate 


the claim of a strong positive temnerature gradient and thus a sub- 
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Fig. 5.42 Typical Temperature Gradients Above the Head- 
scarp 
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stantial flux of sensible heat toward the surface of the head scarp. 


Ll va Ablation and the Heat Balance 

The accumulated ablation rates have been established and 
are illustrated in Figure 5-13 to 5-18. Stations 3, 4 and 5 which 
correspond to Figures 5-15, 5-16 and 5-17 respectively. have been 
selected as supplying the most representative values and a compar- 
ison of the curves will indicate the similarity in the measured 
values at these three stations. These data have been used to establish 
an average rate of retreat of 14 cm/day. The heat reauirements 
computed for this rate allowing for a range in water contents of 30 
to 50% are 504 to 645 ly/day respectively. 

The net radiation available at the head scarp is shown in 
Figure 5-33. The writer suggests that the average values listed in 
Table 5-6 be used to represent the accumulated average totals in 
further computations of the heat balance. 

Section 5.9 has described the method of quantifying the mag- 
nitude of the latent heat of condensation at the surface of exposed 
permafrost and a reasonable average daily value over the period of 
observation is suggested to be 137 ly/day. 

The heat balance equation at a head scarp existing under 


isothermal conditions of 5° can be simply described as: 


zs --- 5.3 
Snes snps, St 4H 
where dn = the heat required for ablation 
Gne = the net radiation 
q = the latent heat of condensation 


= the sensible heat 
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Since da> Ine and qy have been quantified it is now possible to 
evaluate a, by treating it as the residual quantity in equation 5.3 
Figure 5-43 provides a graphical solution for equation [5.4] in terms 
of accumulated values. If the lower value of On = 504 ly/day is 
chosen then qu = 120 ly/day and if the largest values of qn is used, 
dy = 261 ly/day. The appropriate value will fall somewhere within 
these limits. Part of this heat flux may have arrived at the head 
Scarp by advection from warm adjacent areas. However, there is no 
way of separating the total sensible heat flux into horizontal and 
vertical components. Moreover, it is unlikely that such a separation 
would provide information that was of significant engineering value. 
Since the value of qy has been determined as a residual 
quantity in the heat balance equation without verification by com- 
putation or measurement, there is need to establish its credibility. 
If the value of qh is assumed to have an average value of 191 ly/day, 
then the relative contributions of energy can be described as a per- 
centage of the total energy required for the measured ablation rate. 
Que = 43%3 gy = 33%3 q) = 24%. 
Numerous glaciologists determining the heat balance of glaciers and 
hydrologists dealing with the heat balance of melting snow packs have 
shown somewhat similar results. However, they have generally found 
that the contribution of qy relative to q, to be somewhat greater and 
that q, may occasionally be negative. This is to be expected because 
they are generally dealing with environments when atmospheric con- 
ditions lend themselves to lower vapour pressures and thus smaller 
contributions of q, relative to q, (Muller and Keeler, 1969; Treidl, 


1970; O'Neill, 1973). Other reasons for the apparently large: con- 
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tribution of the latent heat term in the ablation process is that the 
lysimeter is cooler than the slope and thus attracts more condensation, 
and also the procedure used to estimate the total exposed surface area 
of the material in the tray may have provided somewhat lower values than 
those actually existing in the tray over the period of measurement. 
Continued observations at the Fort Simpson site would undoubtedly 
show changes in these relative contributions. In fact, a set of wet 
bulb-dry bulb readings on June 30 show that very low vapour pressure 
gradients exist between the surface and the 1 meter level and that a 
reversal in the direction of vapour transport may have temporarily 
occurred (data in Appendix D). 

It is of interest to compute the Bowen ratio from the 
results of or and q)- The ratio q4/9) = 1.4. This value may then 
be compared to that computed from the average temperature and vapour 
pressure data that were recorded at the 6 meter level above the 
head scarp. The values at this level were chosen as they probably 
compare most favourably with any synoptic estimates that may be 


utilized for similar computations. 


1S Seavey 174° 'c 


a 
dia = 5° Cc 
eee 11.89 mb (8.94 mm Hg) 
P= 8.7 mb (6.54 mm Hg) 
P = 744 mm Hg 


If these values are substituted into equation (4.60) the Bowen ratio 
(R) = 2.3. If the ratio qy4/ 9), = 1.4 is somewhat low due to overest- 
imates of q, then it appears that the Bowen ratio (R) computed from 


meteorological data may provide reasonable relationships between q, 
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and qy in ablation estimates, 
Another possibility of utilizing the data obtained for qh 
and q, is to normalize these values relative to the net radiation, 


which may be predicted from monthly synoptic estimates. 
Thus Gne/ Wve = 1; q) /Op = 0.55; qi/ np suQc7 7), 


Unfortunately, these ratios undoubtedly change dramatically 
through the spring, summer and fall seasons. Atmospheric conditions 
in the early part of the thaw season could change not only the magnitude 
of q)» but also the direction of heat flow. The magnitude of qy 
will also change over the period of thaw; however, its sign should 
almost always remain positive. It is unfortunate that it will be 
difficult if not impossible to estimate the amount of heat flux 
utilized in melting the permafrost over the thaw season from rad- 
iation data alone. This technique would only be viable if Gur OL 
and the ablation rates were continuously monitored at a number of 
Sites in the Mackenzie Valley. It would then be possible to eval- 
uate q) Ip and q1)/Anp over the entire thaw season and to establish 
the anticipated ablation rate of permafrost from soil moisture 
contents and synoptic estimates of net radiation. 

In view of the foregoing presentation, it may be concluded 
that the terms if the energy balance at the head scarp of a bimodal 
flow slide have been measured to reasonable accuracy for the period 
of observation. The measured and deduced values are consistent with 
those anticipated and compare favourably with data provided by other 
researchers who are involved with problems having similar temperature 
boundary conditions. It must also be recognized that the relative 
contributions of the various components may vary over the thaw season. 


This will, however, rarely be of concern or of interest to the geo- 
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technical engineer. 

The following chapter is intended to show that the energy 
balance of exposed melting permafrost is unique to that temperature 
boundary condition. In general, any attempt to retard or halt the 
ablation process will change the surface temperature and will completely 


alter the heat flux boundary conditions. 


195. 
TABLE 5-2 
SHORT WAVE RADIATION QUANTITIES FOR SLOPES 


AT DIFFERENT ORIENTATIONS AND INCLINATIONS 
FOR FORT SIMPSON REGION (LAT = 61952'N) 


Slope Slope, Ratio Direct Beam Diffuse Total Net Short 
Orientation Angle Diffuse (Ly/Day ) (Ly/Day)  (Ly/Day) Haye Rad- 
Total jation 
Albedo = 
| 13% 
(Ly/Day ) 
0 0.35 325 Ws 500 435 
N 10 316 174 490 427 
E&W 10 323 174 497 433 
S 10 330 174 504 439 
N 20 298 170 468 408 
E&W 20 32] 170 49] 429 
S 20 334 170 504 439 
N 30 271 163 434 380 
E & W 30 324 163 484 423 
S 30 33] 163 494 432 
N 40 235 58 390 343 
E & W 40 318 155 473 415 
S 40 320 155 475 417 
N 50 193 144 337 ae 
E & W 50 313 144 457 see 
S 50 302 144 446 a 
N 60 171 131 a sh 
E & W 60 303 13] if a 
S 60 276 131 Ah ae 
s oe PB ne ifs 363 
a i ae We 361 325 
S 
9 a ee 
a o at ie 307 281 
S — 80 0235 204 103 pal 
2 2 
: & W Ys 298 199 497 ne 
| | 199 504 
: 5a oe 194 469 409 
2 se 297 194 49] 428 
ly st 308 194 502 438 
: ee 250 187 437 382 
: 2 296 187 483 422 
alg et 305 187 492 430 
° 2 217 WZ 394 346 
- a 294 ies 47] 413 
a i 296 Ly 473 415 
> a 178 164 342 303 
. eh 289 164 453 400 
eed oe 9 164 443 39] 
: a 157 150 307 275 
: & W 60 279 150 429 381 
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196. 
TABLE 5-2 (CONTINUED) 


Slope Slope, Ratio Direct Beam Diffuse Total Net Short 

Orientation Angle Diffuse (Ly/Day) (Ly/Day) (Ly/Day) Wave Rad- 
Total jation 

Albedo = 
13% 
(Ly/Day ) 

S 60 0.40 295 150 405 360 
N 70 0.40 148 134 282 256 
E & W 70 265 134 399 357 
S 70 225 134 359 322 
N 80 139 118 257 234 
E&W 80 245 118 363 328 
S 80 0.40 189 118 307 279 
0 0.45 275 225 500 435 
N 10 268 (Mees 49] 427 
E & W 10 274 C25 497 433 
3: 10 280 22a 503 438 
N 20 252 219 47 | 410 
E&W feed) 272 219 49] 428 
S 20 282 219 501 437 
N 30 229 210 439 384 
E & W 30 db 210 48] 42] 
S 30 280 210 490 428 
N 40 199 199 398 349 
E&W 40 269 199 468 410 
S 40 rail) 199 470 412 
N 50 163 185 348 308 
E&wW 50 264 185 449 396 
5 50 200 185 440 388 
N 60 144 169 Sic 279 
E & W 60 256 169 425 376 
S 60 239 169 402 357 
N 70 136 ihe) 287 258 
E&W 70 243 Ou 394 352 
S) 70 206 151 657. 320 
N 80 128 132 260 Col 
E&W 8 225 132 Shey 322 
S : 80 0.45 173 132 305 277 
0 0.50 250 250 500 435 
N 10 | 244 248 492 428 
E&W 10 249 248 497 433 
S 10 254 248 502 437 
N 20 229 243 472 411 
E&W 20 247 243 490 427 
S 20 257 243 500 435 
N 30 208 233 443 386 
POR W 30 247 233 480 419 
S 30 250 253 488 426 
N 40 181 221 402 353 
EaW 40 245 221 466 408 
. 40 246 224 467 410 
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TABLE 5-2 (CONTINUED) 


Slope Slope Ratio Direct Beam Diffuse Total Net Short 
Orientation Angle ° Diffuse (Ly/Day ) (Ly/Day) (Ly/Day) Wave Rad- 
Total iation 
Albedo = 
13% 
(Ly/Day ) 
N 50 0.50 149 205 354 312 
E&W 50 Y. 241 205 446 392 
S 50 0.50 233 205 438 385 
N 60 0.50 131 187 318 283 
E&W 60 233 187 420 3/2 
S 60 213 187 400 354 
N 70 123 168 291 261 
E &W 70 221 168 389 346 
S 70 187 168 Says) 317 
N 80 116 147 263 239 
E&W 80 204 147 351 316 
S 80 0.50 157 147 304 275 
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TABLE 5-3 


NET LONGWAVE RADIATION FOR DIFFERENT SLOPES 
COMPUTED FROM EQUATION 4-52 


oT (atby e) - Te (I-e, sin? a/>) 


BINS Pes 
Slope Angle : Ground Radiation Quantity 

Temp °C ly/day 

0 ; 12 (control area) -133 

Oe 5 -58 

20 5 -43 

30 S) -18 

46 5 +16 

A5 5 30 

50 5 5] 
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TABLE 5-4 


NET RADIATION FOR SLOPES AT DIFFERENT 


ORIENTATIONS AND INCLINATIONS FOR 
FORT SIMPSON REGION (LAT 61952'N) 


Ratio Net Radiation 
Slope Slope Groun | 
Orientation Angle ° Temp b. Diffuse/Total (Ly/Day) 
0 WA 0530 302 
N 10 5 369 
E&wW 10 375 
S 10 381 
N 20 365 
E & W 20 386 
S 20 396 
30 105 
oo 7 
20 131 
eee 2 
N 50 357, 
E &W 50 460 
S 50 451 
: : a 
6 

; i“ 60 5 0.35 468 
0 12 0.40 302 
N 10 5 369 
E &W 10 375 
: f se 
: bi 385 
 Ea&W 20 , ae 
S 20 a 
N 30 oa 
E&W 30 ne 
S 30 aaa 
N 40 ay: 
E &W 40 tas 
S 40 aon 
N 50 nee 
E &W 50 | tae 
: 5 0.40 380 
N 60 5 ia 
: fi 3 5 0.40 465 
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‘TABLE 5-4 (CONTINUED) 


Slope Slope | Groun Ratio Net Radiation 
Orientation Angle ~~ Temp ~C Diffuse/Total (Ly/Day) 
0. 12 0.45 302 
N . 10 5 369 
E&W 10 375 
S 10 380 
N 20 367 
E&W 20 385 
S 20 394 
N 30 366 
E&W 30 403 
S 30 410 
N 40 365 
E&W 40 426 
S 40 428 
N 50 7 365 
E&W 50 453 
S 50 ji 445 
N 60 384 
Bait * 60 | 48] 
S 60 © 0.45 462 
0 iz 0.50 302 
N 10 5 370 
E & W 10 375 
S 10 379 
N 20 368 
E &W 20 384 
S 20 392 
N 30 368 
E&W 30 40] 
S 30 408 
N° 40 369 
E &W 40 424 
S A0 | 426 
N 50 369 
E&W 50 449 
S 50 ry 442 
EF &W 60 497 
% 60 5 0.50 459 
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DAILY AND ACCUMULATED TOTAL RADIATION ON A 


TABLE 5-5 


HORIZONTAL SURFACE AT THE FORT SIMPSON TEST SITE 


Date Daily Radiation Accumulated 
Ly/Day Radiation 
Ly 
June 20 * 420 420 
21 420 840 
22 82 922 
23 202 1124 
AEN us 202 1326 
25 595 1921 
26 * 595 2561 
ely Me Kos 467 2983 
28 * 467 3450 
29 * 467 3917 
30 * 467 4384 
July 1 * 467 4851 
9 * 467 5318 
Ore 467 Syete is 
4 * 595 6380 
Cue 595 6975 
6 667 7642 
7 574 8216 
g x 574 8790 
9 * 467 9257 
10 * 467 9724 
1] 518 10 9 242 
12 274 TO5516 
13 581 11,097 
14 581 11,678 
15 439 {lees ie 
17 380 13,025 
18 634 13,659 
19 570 14,229 
20 470 14,699 
9] 500 15,199 
Ave 475 


Indicates days when values were estimated from partial records, 
weather conditions, and average values when data was complete. 
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TABLE 5-7 
COMPARISON OF PREDICTED VALUES AND MEASURED VALUES OF 


NET RADIATION 
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Azimuth of normal to slope measured positively from north through east. 
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TABLE 5-8 


LYSIMETRIC DATA 


DATE TIME OF — ELAPSED HEAT  LANGLEYS AVE RELATIVE 
DAY TIME FOR GAIN , PER WIND — HUMIDITY 
TEST (HRS)  CAL/CM HR. SPEED % 
M.P.H. 
July 5 10:00 17:00 7 40 5.6 5.1 53 
9 10:00 15:00 5 62 123 8 68 
10 10%20.15510i00 4.7 31 6.7 4.2 58 
11 11:00 15:40 4.7 7] 15 ie 52 
12 10:25 16:55 6.5 115 17 8.5 78 
13 10:26 17:15 6.8 66 9.5 720 67 
* 18:00. 1428.." 12.3 40 20? 3.0 4] 
*14 16:15 9:21 17 13 0.8 2.0 59 
*15 17:18 9:35 16.3 36 ys 2a 2 
16 10:25 15:17. 4.9 13 2.8 11.0 40 
* 16:40 9:19 16.7 75 4.5 2.5 : 
17 10:12 16:45 6.3 44 70 2.6 93 
* 17:14 10:41 125 124 1.0 21 69 
18 12:45 17:30 4.8 13 2.8 4.0 52 
* 17:45 9:30 15.8 49 ch 1.6 : 
19 10:16 16:10 5.9 44 73 4.2 46 
* 16:45 11:30 18.8 62 3.4 4.5 E 
20 12:10 16:10 4.0 49 1223 8.7 60 
* 16:37 7:55 15.3 8] 4.5 1"..0 a 
21 11236172302" "G20 49 8.1 9.5 63 


< Night time test 
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CHAPTER VI 


CONTROL OF THAWING IN EXPOSED PERMAFROST 


Gal Head Scarp Geometry of Bimodal Flows 
The characteristic shapes of the head scarp of bimodal flow 

Slides in periglacial regions have been of interest to observers for 
a number of years and have prompted a variety of descriptions. 
Capps (1940) refers to them as “an expanded Sspatulate-like bowl"; 
Washburn (1947), as "a horseshoe like shape"; Bird (1967), as “a 
semi-circular hollow" and Kerfoot (1969), as “an amphitheatre". 
McRoberts (1973) has speculated on the possibility that this char- 
acteristic shape is a self-perpetuating phenomenon associated with 
the concentration or focussing of radiation within the parabolic 
Shaped bowl. Kerfoot (1969) made a very significant comment in his 
observation: that active flows on Garry Island assumed multi-directional 
aspects. He reported, 

"It may seem easy to conclude that slope 

aspect is a dominant factor influencing 

scarp retreat...however...comparisons made 

between stakes located around the same 

mudslumps revealed that the maximum retreat 


did not always occur on the slopes with the 
most southerly aspect." 


McRoberts and Morgenstern (1974) attempted to rationalize 


this statement by noting, 


"_-the sun will not set during these summer 
months and solar radiation, especially 
on steep slopes, will be received on 


all slopes." 


Both the bowl-like shape and the apparent lack of preference 
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206. 
in terms of direction of head scarp retreat may be readily explained 
by examining the nature of the heat source causing the ablation. 

The combined latent and sensible heat flux represent 58% of the total 
heat flux required to maintain the observed melting rate at the Fort 
Simpson test site. Admittedly net radiation is somewhat directional 
at this latitude, but this is not of significance on slopes less 
than 30° (Table 5-4). A typical value from this table suggests that 
a difference of less than 80 ly/day may exist at a slope of 45°, 
This differential accounts for less than 14% of the total heat flux 
at the surface of the permafrost at the test site. These conditions 
represent an essentially isotropic heat source causing a relatively 
uniform rate of melting in all principal directions of the compass. 
It therefore seems entirely reasonable to expect that a 
bowl-like shape would develop in. reasonably homogeneous material. 
A suitable comparison would be to consider a standard incandescent 
light bulb placed and maintained in contact with the sloping surface 
of an ice sheet. The rate of melting would be expected to proceed 
equally in all directions with the water running forward out of the 
lip of the depression. The resulting crater formed under these con- 
ditions of heat transfer would be very similar to the profile of the 
bowl shaped headscarp of natural bimodal flow slides encountered in 


the Arctic. 


6.2 Basis for Control 


It is apparent that an exposed body. of permafrost com- 
bined with favorable summertime atmospheric conditions creates temp- 
erature, vapor pressure and possibly turbulent air conditions to 


allow a positive influx of sensible and latent heat. Thus net 
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207s 
radiation, the latent heat of condensation and the sensible heat 
flux all combine to provide the heat source for the melting of 
the frozen soil. Under these boundary conditions ablation proceeds 
at an unusually rapid pace. The most favorable conditions occur 
when the melting material is able to slough off of the face and 
is removed immediately. The rate of melting may be affected by 
the presence of water discharging from the active layer or from 
gullies above the headscarp. This water flushes the melted soil 
off of the slope, increases the mobility of the melted material 
and is responsible for some thermal erosion. The overall effect 
may cause differential melting and the formation of gullies in the 
face of the scarp. The action of this surface water has been noted 
and well documented by Kerfoot (1969). 

If the ablation process is to be retarded or controlled, 
then the boundary conditions must be altered. As the exposed face 
becomes covered with accumulating debris, overhanging organic mat 
or artificial cover the temperature boundary conditions will have 
changed completely. As soon as the surface begins to dry it will 
warm to near air temperature. When this occurs the temperature 
and vapor pressure gradients will have been substantially reduced 
and ultimately reversed. They will then provide a cooling rather 
than a heating effect. Under these conditions, net radiation wil] 
become the governing heat source and the rate of melting beneath 
the covering will decrease dramatically. 

McRoberts and Morgenstern (1974) have suggested that 
the average heat flux computed from measured ablation rates may 


be used aS an upper bound in the design of remedial measures for 
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bimodal flow slides. It appears that conditions are not nearly 
that severe and that such a value is unrealistically high. If the 
remedial measures are intended to completely stabilize the retreat- 
ing slope, then it becomes a matter of creating a surface cover that 
will eventually form a stable active layer. If heat flux boundary 
conditions are employed in such a design then the two important 
variables in the heat balance equation are net radiation and sen- 
sible heat transfer. Evaporation or condensation can be ignored 
because the surface will be essentially dry and the energy added by 
condensation will be lost when the condensate SETTERS. Sensible 
heat transfer will be negative as energy is transferred from the 
warm surface to the cooler air. The difference between the net 
radiation term and tne sensible heat loss will represent the amount 
of heat that is used to warm the surface cover and to melt the 
frozen material below. 

Attempts to evaluate the sensible heat component under 
Similar conditions by any analytical means have met with marginal 
Success. However, rough estimates of the magnitude may be attempted 
by referring to the work of Budyko (1958) , Scott (1969), (1970 a,b) 
and Berg (1974). They all follow the ace theme of adopting:a 


simple equation in the form of: 


memecier= 1.) pean cite Oe 

where H = a convection coefficient of varying complexity. 
ie = the temperature of the air. 
Ts = the surface temperature. 


n = arbitrary exponent varying between ly. Osand alec? 
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Berg (1974) evaluated the energy balance for a paved 
road surface in New Hampshire. His conclusions were not optim- 
istic: | 
“Heat loss by the combined fluxes of con- 
vection, evaporation and sublimation is 
nearly 225% different from measured values 
and causes the greatest portion of error 
between calculated and measured heat fluxes 
(into) out of the ground". 
Furthermore, the computed values of the energy balance were inacc- 
urate and more complex relationships were required. These complex 
relationships required too many parameters to be of practical use 
in design. He recommended the continued use of surface index factors 
for most design studies. The alternative to using heat flux boundary 
conditions is to use an equivalent step temperature or ground surface 
thawing index as described in Chapter III. 
The problem is then reduced to one of computing the required 


thickness of insulating materials to either prevent melting or to 


retard the thaw rate to some acceptable value. 


6.3 Suggested Methods of Control 


The choice of methods and the cost of retarding or controll- 
ing the rate of melting of exposed permafrost will depend primarily 


on: 


i) the amount and type of ground ice present in the 


formation, 


ii) the latitude of the site (surface thawing index). 


If massive ice is encountered in the exposure, then the lack of soil 
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210. 
particles will seriously limit the use of concepts presented in 


Chapter III. That technique was based on the assumption that suff- 
icient soil was available in the permafrost to form a stable active 
layer without serious settlement and destruction of the insulative 
covering. The presence of massive ice will require a design that will 
prevent any thaw from occurring or that will allow the exposure 

to retreat at an acceptably slow rate. The rate of retreat for 
these latter ground ice conditions may be estimated at different 
latitudes for varying thicknesses of sand/gravel cover in the follow- 
ing manner. 

The depth of thaw is a constant value under these con- 
ditions and is equal to the thickness of the gravel cover. The temp- 
erature distribution in the gravel will be approximately linear varying 
from some value T, at the surface to 0° C at the thaw front. The 


heat balance at the thaw front may be described by the equation: 


-k, 22 = Lice) “ ern ee | 
where K, = the thermal conductivity of the sand/gravel cover. 


98 = the temperature gradient in the gravel with h being 


measured positively downward. 


os the rate of advance of the thaw front into the ice. 


L(ice) = the volumetric latent heat of fusion of ice. 


The temperature gradient through the gravel layer is: 
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where H = the thickness of the gravel layer. 


The rate of retreat of the head scarp may be computed as: 


dx Kil, 


OS Sire | eee Rt 
The total amount of retreat over the thaw season Se 
: KiT, (t - ty) 


> FG GIs 3 it am nem 


t= the time required to thaw through the gravel layer. 
HL, 
ON -2KiT 


- - - [6.6] 
S 


Equation [6.6] is the classical Neumannsolution used in Chapter III. 


L, = the volumetric latent heat of the gravel layer 


and may be computed from the equation. 


eee 


L' eS u Se icar al 


The unfrozen water content Wh is assumed to be zero. The time 

to thaw through the gravel layer will be small for shallow gravel 
pads in comparison to the total length of the thaw season. However, 
this term will become significant when thick gravel covers are used 
and should not be ignored. Figure 6-1 illustrates the manner in 
which a sand/gravel cover controls the rate of melting or the amount 
of retreat over the thaw season. The volumetric latent heat of 


fusion (L,) as described by equation [3.7] was computed for: 


3 
ps BkaxO kN/m (125 pcf) 
WwW = 10% 


0.0065 cal/°C cm. sec. 
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213. 
It is apparent that approximately 4 m. (13 ft.) of sand/gravel 
cover are required in the subarctic (62°N latitude) to reduce 
the retreat to less than 0.5 m. (1.6 ft.) per thaw season. At 
latitudes of 68°N or greater (Inuvik) the thickness of gravel 
required to maintain the same amount of thawing is only 2.5 m. 
(8.2 ft). 

Other insulating materials may be used in conjunction 
with sand and gravel. The requirements may be estimated by compar- 
ing the ratio of the thermal eontueritiecee Table III-1 provides 
the thermal properties of some suitable insulating materials. The 
ratio of the thermal conductivity of sand/gravel to styrofoam is 
approximately 100. Therefore, 1 cm. of styrofoam is roughly equiv- 
alent to 1 meter of gravel. Thus the use of high quality insulation 
is attractive in areas where gravel is in short supply. The reader 
is reminded, however, that the use of a semi-ridgid insulation on 
well developed bimodal flows may prove to be rather difficult because 
of their steep biangular profiles. 

Exposures that do not contain appreciable quantities of 
massive ice will be somewhat easier to stabilize because the parent 
material will generally contain enough soil to form a stable active 
layer. nee these conditions prevail it will generally be suffic- 
ient to control the rate of melting until a stable active layer has 
developed. It would seem that encounters with massive ground ice 
become less frequent with decreasing latitude. This factor will 
allow the use of the concepts outlined in Chapter III to be used 


extensively in the zones of discontinuous permafrost. 


In general, any successful design must meet three criteria. 
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i) it must satisfy the thermal] requirements of establishing 


a favorable heat balance at the surface. 
ii) it must provide free drainage. 
iii) it must meet the structural requirements of strength 


and durability. 


Although sand/gravel is scarce and therefore costly in many regions 
of the Arctic, its strength and flexibility combined with high perm- 


eability and ease of placement make it the most attractive component 


for any stabilizing scheme applied to degrading permafrost that 


might be considered. 


6.4 Recommended Practice for Cut Slope Design 


The need for stabilizing cut slopes in frozen soils will 
depend primarily on the amount and type of ground ice exposed in 
the cut, the soil type, and the depth of the cut. Other consider- 
ations involving the potential environmental impact and general 


aesthetics may also dictate the need for backslope preservation. 


6.4.1 Self-Healing Cut Slopes 


Many cut slopes will be self-stabilizing over the period 
Of one or more we seasons. If the maximum retreat is in the 
order of 2 to 4 meters and the results of the degradation do not 
seriously interfere with the functional aspects of the transport- 


ation facility, then there appears to be little basis for serious 


concern. 


This class of cuts will be common to land forms that are 


composed of till, colluvial or alluvial silt and sands and other 
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combinations of rock and soil that are relatively free draining 
and stabilize at reasonably steep angles. Ground ice forms are 
predominantly wedges or lenses of limited extent. The soil in 
between these ice concentrations is often of low water content and 
relatively thaw stable. The reader is reminded, however, that many 
of these soil and ice characteristics will not become evident until 
construction is in progress. It is often difficult, if not impos- 
sible, to obtain a true picture of subsurface conditions by exist- 
ing site investigation techniques. 

Nevertheless, if the soil and ground ice conditions that 
are encountered possess the stated characteristics a number of help- 


ful design and construction procedures may be cited. 


1) Steep, short slopes are recommended because they 
will intersect fewer ice wedges than will long 
flat slopes. 


Reasonably wide ditches will provide space for accum- 


Ro 
— 


ulating debris and will allow the placement of rock 


revetments. 


Rock revetments placed at the toe of the slope will 


WwW 
— 


retain the soil and allow the water released from 
the melting permafrost to drain into the ditch. 
These structures will be machine placed and will, 
therefore, be approximately 2 m. (6 ft.) wide and 
1 to 1.5 meters (3 to 5 ft.) high. The material 
may be crushed rock or gravel. | 

4) Hand clearing of the trees above the back slope is 
recommended. The presence of large trees at the 


top of the slope will cause a substantial increase 
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216% 
in the load on the organic mat as it drapes over 
the exposed permafrost and will lead to undue 
tearing. General aesthetics are also improved by 
eliminating the unpleasant appearance of leaning 
and fallen trees. 
The tensile strength of the organic mat may be 
increased appreciably by fastening a competent wire 
mesh to the remaining tree stumps. 
Diversion of surface runoff above the back slope 
is imperative. This must be accomplished by the use 
of dykes rather than ditches. Special care should 
be given to preventing disturbance of the organic 
cover above the slope during all construction activity. 


Revegetation measures are desirable as they reduce 


the erosion potential by mechanically binding the 


soil particles together and also help to improve 
the heat balance at the surface. The use of rapidly 
growing nurse crops are encouraged along with the 
establishment of slower growing shrubs and grasses. 
The depth of cut should be limited to 4 to 5 meters 
(12 to 15 ft.) whenever possible if these self- 
healing techniques are to be successful. 

Rapid excavation and subcutting with immediate 
replacement of granular subgrade materials is 
essential if construction is occurring during 

the summer months. Otherwise melting of permafrost 


often causes impossible working conditions for men 
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and equipment. 

10) Some care should be exercisedif explosives are used 
to loosen the permafrost prior to excavation. Over- 
break may cause cracking of the material in the back- 
slope. These cracks will provide access for surface 
water. Increased rates of thawing along these fracture 
planes may result in the failure of large chunks of 


otherwise intact material. 


6.4.2 Non Self-Healing Cut Slopes 


When transportation facilities encounter terrain units that 
possess less favorable geotechnical properties related to soil and 
ground ice conditions, a more positive form of cut slope preservation 
must be employed. The land forms most likely to cause the greatest 
concern regarding cut slope degradation are the proglacial lake bed 
sediments and fluvial reworked tills common to the Mackenzie Valley 
and the ice cored topography in the regions north of Inuvik. The 
methods employed in these areas will also find application as remedial 
measures at locations where self-healing techniques proved unsuccessful. 
Construction of steep slopes in these locations may initially 
appear to be appealing due to the reduced quantity of excavation. 
However, ere ciel steep slopes may require large quantities of 
excavation if a stabilizing or preserving technique such as that 
Shown in Figure 6-2 is employed. Slope protection techniques will 
vary with angle of the slope and the relative abundance of insul- 
ating materials. 
Figure 6-2 illustrates a suitable Stabilizing technique 


for steep slopes or exposed head scarps with established biangular 
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219. 
profiles. A large quantity of gravel is required in this instance. 
Styrofoam insulation (or its equivalent) may be used near the top to 
reduce the thickness of gravel in that part of the exposure. This 
configuration will not likely receive serious consideration in right 
of way cuts because of the excessive quantities of excavation req- 
uired to provide adequate space for the gravel cover. 

Figure. 6-3 illustrates a plausible design for steep cut 
Slopes. This configuration would be suitable for slopes of CL5E EG 20°) 
to (50°). The choice of the lower bound was based on an assumed 
friction angle of gravel on permafrost containing significant quan- 
tities of massive ice. This aspect of the design may require further 
consideration by some simple model and field tests of sand/gravel on 
melting ice. The cut surface is stepped to provide mechanical inter- 
locking of the permafrost and the gravel cover. The inclusion of 
artificial insulation is an optional feature in this design and will 
again depend on the abundance of sand/gravel materials. 

Figure 6-4 is an example of slope preservation in areas 
where the slope is steep, gravel is scarce and where erosion may be 
particularly severe. The design shows styrofoam (or equivalent) sand- 
wiched between gravel and/or rock filled gabions. The inner gabions 
are required for drainage. A free draining gravel or rock revetment 
should be placed at the toe to increase the stability of the cover and 
to preserve the base. 

A variation of this configuration would be a combination 
of Figure 6-3 and 6-4. Drainage would be provided at the cut face by 
loose gravel placed at a stable angle of approx imatley 35°. Insulation 


would be placed over the loose gravel and then secured with rock/gravel 
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Fig. 6.4 Gravel and Rock Filled Gabions with Artificial 
Insulation on Moderately Steep Slope 
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Fig. 6.5 Gravel and Artificial Insulation on Low Angle 
Slope 
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Zale 
filled gabions. In this case the gabions would be used for erosion 
control only, as loose gravel placed over the insulation would be 
Stable at this angle. 

Figure 6-5 is an example of a stabilizing technique for 
slopes of 15 to 20° or less. Again styrofoam (or its equivalent) 
is optional in this design. The surface of the cut should be delib- 
erately roughened to ensure some degree of mechanical interlocking 
between the gravel and permafrost. 

It is important to emphasize that all construction and 
Stabilization or preservation measures should be undertaken during 
the months of the year when freezing air temperatures prevail. It 
will be difficult if not impossible to perform the required operations 
while melting is in progress. 

The foregoing section has provided a series of possible 
combinations of sand/gravel and insulation that may be used to pres- 
erve slopes and prevent excessive degradation. The essential require- 


ments in any of these combinations are to provide: 


1) drainage at the surface of the permafrost. 

2) sufficient flexibility, strength, durability and 
stability of the covering. 

3) sufficient insulation to retard to melt rate to 


some acceptable value. 


Other combinations of materials may be considered and various types of 


insulation may be used. These factors will be left to the imagination 


of the designers who will be responsible for providing the details of 


a working design for a field installation. 
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CHAPTER VII 
CONCLUDING REMARKS 


The field reconnaissance has shown that limited instab- 
ility of highway back slopes may be encountered in almost all regions 
of permafrost. It has also defined the factors which appear to control 
the performance of cuts in these regions. Emphasis has been placed 
on the knowledge of the geological history and the recognition of 
associated land forms over which transportation routes are to be 
located. There appears to be substantial evidence to suggest that 
soil types, amounts of ground ice and ground ice patterns are all 
closely associated for any given land form. 

The evidence of natural instability in any given region con- 
tinues to be one of the most reliable indicators regarding the 
anticipated behavior of cuts in frozen soils. A variety of methods 
have been used by highway designers to prevent continued degradation 
_of thawing back slopes. It was, however, clear that none of the 
existing roads had encountered extensive deposits of glacio lacustrine 
deposits of ice rich material which are common in the Mackenzie Valley 
and adjacent areas. The present methods of stabilization occurred 
in areas where the soil was identified as silt or till and the ground 
ice was present in the form of wedges. The heterogeneous distrib- 
ution of this ground ice form and the relatively free draining nature 
of these soils resulted in only limited degradation in most cases. 
Rock revetments at the toe of the slope and revegetation programs 
also contributed to the control of slope retreat. Good construction 


practices involving rapid excavation and subcutting with the immed- 
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jate replacement of granular subgrade material are essential to 

any successful road building technique exercised during the summer 
months. Cuts made with near vertical back slopes will occasionally 
perform better than those made with sloping surfaces. However, this 
technique should be used with caution for it will not. always provide 
the desired effect that has been witnessed in areas such as the TAPS 
Haul Road in Alaska. 

A more thorough understanding of ground ice quantities, 
patterns, and genesis associated with identifiable land forms would 
assist in both the route selection and the requirements of subsurface 
investigation. These endeavours logically follow the initial ident- 
ification of the geological history and the associated land forms. 

The reconnaissance concluded that the experience with cut 
slopes in permafrost should not greatly inhibit the location and 
construction arteries across the subarctic and arctic regions. 

The need, however, remained to find a suitable and more 
rational approach to prevent the initiation of potentially serious 
flow slides on planar surfaces. These remedial or preventive tech- 
niques could be used on natural as well as cut slopes. It was rec- 
ognized from the work of earlier researchers that the excess pore 
pressures generated during thaw consolidation and the resulting 
decrease in effective stress was fundamental to any stabilizing 
technique. As a result, an effective means of stabilizing planar 
landslides in thawing soils was developed. The technique utilizes 
an insulative material to control the rate of melting and thus the 


generation of excess pore water pressures and a surcharge load con- 
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sisting of sand/gravel or other ‘suitable material. The free- 
draining surcharge produces an increase in the normal effective 
stress disproportionate to any increase in the shearing stress. 
Numerical procedures were used to provide data for design charts 
that incorporate all the variables and allow the designer to rapidly 
determine a suitable combination of insulation and surcharge for 
most practical problems. 

The most latitude for engineering judgement regarding the 
solution lies in the determination of a representative soil moisture 
content and the choice of a representative value of the coefficient 
of consolidation (C,). The solution requires the use of a surface 
thawing index factor (N) to determine the surface thawing index. 

The range of the N_ parameter for gravel surfaces has limits of 
1.5 to 2.0 and therefore any choice within this range will not 
drastically affect the results. 

A field installation using different types of insulation 
and different combinations of insulation and surcharge would be 
of great benefit in assessing the effectiveness of the proposal. 

A thorough understanding of the energetics of exposed 
melting permafrost was required to fully explain the. ablation process 
for both cut slopes and naturally occurring bimodal flow slides com- 
mon to the subarctic and arctic regions. The terms in the heat bal- 
ance at the head scarp of a typical flow slide were reviewed and a 
field program was employed to confirm or deny the developed theory. 
The results indicated that all the terms in the heat balance were 


positive. Net radiation, latent heat flux, and sensible heat flux 
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all combine under the temperature boundary conditions imposed by 
the cold surface and the warm atmosphere above the head scarp. The 
components provided an uncommonly large heat source which produced 
the high rates of ablation that had been previously noted and monit- 
ored at the test site. 

The absolute values of the components will generally not 
be of interest to the geotechnical engineer, for any attempt to con- 
trol or retard the rate of thawing will alter the temperature boun- 
dary conditions and, therefore, change the heat flux boundary con- 
ditions. 

Methods of control must provide adequate cover to the 
exposed melting surface. These covers will allow the surface to 
warm sufficiently and therefore reverse the direction of sensible 
and latent heat transfer. The problem is, therefore, resolved into 
one of computing the required thickness of gravel and/or insulation 
to reduce the rate of thaw to some acceptable value. The heat flux 
boundary conditions imposed by an effective surface cover are very 
similar to those encountered for gravel pads or airstrips in arctic 
regions. It is recognized that a heat flux boundary condition is 
the most ideal method of design. However, the problems of evaluating 
the sensible heat flux term essentially remain unresolved and it 
appears that temperature boundary conditions provide an adequate 
basis for design. 

Simple computations have provided a means of estimating 
the thickness of gravel covers required to retard the rate of retreat 
of head scarps containing massive ground ice to some acceptable level. 
It is anticipated that the thickness of gravel and/or insulation may 


be reduced in the lower latitudes of the subarctic (for a given 
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Surface thawing index) where ground ice conditions are less see 
The occurrence of massive ground ice becomes less frequent in these 
regions and the permafrost contains sufficient soil to form a stable 
active layer if the rate of thaw is properly controlled. 

Recommendations regarding the design and construction of 
cut slopes were reviewed. They ae been divided into two broad 
categories, those that are self-healing and those that required sub- 
stantial covers of insulating materials. The basis for different- 
jiation hinges principally on the soil type, and the amount and type 
of peatine ice present in the land form. 

Future research should be directed to verifying the 
effectiveness of the proposed stabilizing techniques for planar 
landslides, cut slopes and bimodal flows. A field station estab- 
lished in the subarctic or arctic region could provide this information. 
This station should be located in an area where access is possible 
by conventional wheeled vehicles. 

A variety of insulating materials should be considered 
as well as different canbinations of surcharge and insulation thick- 
ness. Instrumentation would be a major consideration in such a 
project and would include the monitoring of ground temperatures , 
pore water pressures and slope movements. 

Such endeavours will be well received and will provide 


a measure of further confidence in the development of arctic regions. 
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APPENDIX A 


The following Appendix provides the background, obser- 
vations and detailed descriptions of the road cuts encountered dur- 
ing the field reconnaissance as outlined and summarized in Chapter 


1g 


A.1 Alaska Highway (Mile 222 (from Dawson Creek, B.C.) 57°58N 
Latitude; 122°46'W Longitude) 
mie Ty. | Phys iography 


This section of highway lies within the Interior Plains 
physiographic province. It is bordered on the west by the Foothills 
and the Front Ranges of the Rocky Mountains. The region of specific 
interest is characterized by high buttes and mesas of Cretaceous 
Sandstone (Pelletier and Stott, 1963). The area is drained by sev- 
eral rivers, the nearest of which is the Prophet, lying to the east 
and roughly paralleling the Alaska Highway. The drainage patterns 
vary from dendritic in the softer sediments to local trellis patterns 
where control is established by bedrock structure in the harder sand- 
stone sediments. 


A.1.2 Climate 


The climate is essentially continental with long cold win- 
ters and short generally mild to cool summers. The mean annual air 
temperature of this area is slightly greater than thirty degrees F 
and the mean freezing and thawing indices are approximately forty- 
five hundred and four thousand F degree days respectively. The mean 
January daily temperature is approximately minus seven degrees F and 
the mean July daily temperature is approximately sixty degrees ee 
The average yearly precipitation is approximately seventeen inches 
with a rainfall of ten inches and a snowfall of seventy inches. Max- 
imum rainfall takes place during June and July. Uniform snowfal | 
occurs during the months of October through March with the amount 
ranging from ten to thirteen inches per month. The average monthly 
depth of snow cover for the area is approximately fifteen inches 


(Brown, 1967(b)). 


A.1.3 Permafrost 


The location of this section of highway places it just within 


imi afrost (Brown, 1967(a)). Permafrost can 
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maintained its existence. It is found on north facing slopes support- 
ing heavy moss cover, black spruce, alder, and other flora which pro- 
vide effective ground cover. Flat-lying poorly drained areas 
Supporting sphagnum and feather mosses, Labrador tea, marsh sedge, 

as well as tree growth consisting of tamarack, black Spruce, willow, 
ee eto birch will harbour remnants of fossil permafrost (Fig- 

ure 2-2). 


At this latitude permafrost is in delicate thermal equili- 
brium, existing at or near thirty-two degrees F. Construction tech- 
niques make no attempt to preserve the ground in its frozen condition. 


A.1.4 Bedrock Geology 


According to Pelletier and Stott (1963) all formations in 
the area are of sedimentary origin with the exception of mildly meta- 
morphosed lower Paleozoic rocks some thirty-five miles west of the 
highway. Upper Cretaceous coarse-grained sandstones, conglomerates, 
and carbonaceous shales, mainly non-marine in origin, are found to 
the east with Lower Cretaceous sandstones and shales lying in the 
Foothills and Rocky Mountain region to the west. 


A.1.5 Surficial Geology 


This area of study is very near the western limit of the 
Wisconsin-Laurentide ice sheet and the region adjacent to and east 
of the highway is largely unaffected by glacial activity. 


A thin layer of unsorted drift covers the uplands but may 
exceed sixty feet in thickness in river valleys. Landforms assoc- 
jated with ice contact sorted drift are largely absent. 


The area to the west has been subjected to continental 
and/or Cordilleran ice. The drift is both sorted and unsorted and 
appears as tills and bedded clays up to twenty feet in thickness. 
Similar deposits in the mountains further west may be up to one 
hundred feet in thickness. 


Gravel deposits are found in the form of bars in the bed 
or the Prophet River as well as terraces along the flanks of the valley 
wall. Occasional deposits have been noted to the north of Mile 222. 
These gravel deposits are used as subgrade construction materials and 
as select borrow for surfacing depending on their abundance, prox- 
imity to the road, and general quality. 


Small] hills or knolls with relief in the order of thirty to 
fifty feet are evident in the vicinity. They appear to be dead ice or 
ablation moraine features. Although no comprehensive study has been 
made of these surficial deposits (to the author's knowledge), the 
material appears to be a water modified drift. These soft unconsol- 
idated deposits of till are inter-fingered or occasionally covered 
with fine-grained, sorted material consisting Of; Sits: ands tity clays. 
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A.1.6 Highway Details (Mile 222) 


Concern for unstable backslope cuts caused by permafrost 
degradation in this area is slight due to the sporadic occurrence of 
permafrost conditions. 


North facing slopes hosting suspicious vegetation are avoided 
as are low lying poorly drained areas. Encounters with permafrost in 
this immediate area are therefore often unanticipated and as a result 
' may lead to some particularly troublesome situations. 


A construction project is presently under way on this section 
of the Alaska Highway. The project consists of realignment, grading, 
and asphaltic concrete surfacing of a twenty mile section of road. 


At Mile 222 the road parallels a small air strip and due to 
Ministry of Transport regulations a minor relocation was required to 
maintain specified clearance between the highway right-of-way and 
the air strip. To accomodate this relocation a twenty to twenty-five 
foot deep cut with a 2:1 backslope intersecting an eleven degree 
natural north-facing slope was made into one of the small knolls or 
hills previously described. 


Very wet, partially frozen till with lenses or inclusions of 
Silt and silty clay was encountered. The nature and amount of ice has 
not been well established. Verbal descriptions by construction person- 
nel suggest that it is of the thin lense variety exhibiting a sirloin 
type of ice texture. Soil properties are shown in Table 2-1. 


Excavation was commenced in the fall of 1972. Problems were 
encountered with construction equipment due to the wetness of the soil. 
Rather than face the problems of excessively wet material, frozen ground, 
and cold weather, excavation was discontinued when the backslope was 
developed to the design ditch grade. It was felt that melting and/or 
drainage would occur during the following spring and early summer and 
the remaining four to six feet of excavation along the centerline of 
the highway could then be completed. 


Effective drainage did not occur. The backslope began to 
thaw and degrade, blocking the ditch and contributing additional 
water to an already saturated subgrade. 


The degradation beyond the top of the backslope had not been 
particularly severe at the time of inspection and amounted to approx- 
imately fifteen feet in a localized area directly above the silt run. 
A small vertical backscarp was formed in this immediate area. The 
repose angle of the silt run is six degrees. 


Fig. A-1 provides a pictorial view of the site. 


A.2 Dempster Highway 
Dawson City, Yukon Territory 64°04'N latitude, 139°26'W 
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longitude; to Fort McPherson 67°26'N latitude, 135°58'W longitude; 
to Arctic Red River 67°27'N latitude, 134°44'W longitude (Plate II-1). 


The Dempster Highway follows an old overland route between 
the water drainage system of the Yukon and MacKenzie Rivers. 


Construction of this highway began in 1959 and consisted 
largely of improving, grading, and maintaining an existing tote road. 
Subsequently more money was appropriated to the project with the aim 
of connecting Dawson City on the Yukon River to Fort McPherson on 
the Peel River and from this point to Arctic Red on the MacKenzie 
River and onto Inuvik via the MacKenzie Highway. 


The highway lies primarily within the Northern Plateau and 
mountain area of the Interior System of the Canadian Cordillera. It 
traverses at least nine different physiographic units (Bostock, 1961). 
These are in order from south to north: Southern Ogilvie Ranges, 
Taiga Valley, Central Ogilvie Ranges, Ogilvie Valley, Eagle Plain, 
Richardson Mountains, and the Peel Plateau (Fig. 2-4). 


A.2.1 Dempster Highway (Mile 0 to Mile 80 
Physi ography 


| The Dempster Highway begins approximately 26 miles east of 
Dawson City and follows the North Klondike River to its source in the 
Central Ogilvie Mountains. It then parallels the East Blackstone 
River to approximately Mile 95. 


This section of the highway lies almost completely within the 
Southern Ogilvie Ranges and the Taiga Valley (Bostock, 1961). Accord- 
ing to Green (1972), the Ogilvie Mountains consist of compact forms 
of peaks and ridges separated by intricate networks of valleys and 
Swales. These rise to the east with summits reaching eighty five 
hundred feet in elevation. Peaks greater than seven thousand feet in 
altitude are rare in the western part of the Southern Ogilvie Ranges. 


The Taiga Valley is an east-west trending valley approximately 
one hundred and twenty miles in length and forty miles wide. Its sur- 
face is formed from long undulating, northward draining valleys, and 
hills covered by tundra, brush, small spruce, and birch. The Blackstone 
and Hart Rivers flow across it and into the Northern Ogilvie Ranges. 


These rivers provide a natural corridor of travel into. the 
Central and Northern Yukon. 


Re2e2 Climate 


The climate of this region is not unlike that described in the 
previous section. It is essentially continental with long cold winters 
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‘and short warm summers. The mean annual air temperature is 23.6 degrees 
F. The mean freezing and thawing indices for this region are sixty-five 
hundred and three thousand degree days respectively. Yearly precipit- 
ation 1S approximately thirteen inches at Dawson City of which eight 
inches is rainfall and the remainder is derived from fifty inches of 
snowfall. The normal monthly depth of snow cover is approximately 
eighteen inches in the Dawson area (Brown, 1967(b)). 


A.2.3 Permafrost 


The entire Dempster Highway lies within the upper half of the 
discontinuous permafrost region, except for that portion between Fort 
McPherson and Arctic Red River which lies in the continuous zone 
(Brown, 1967(a)). 


A.2.4 Bedrock Geology 


The Southern Ogilvie Ranges are developed from or on Precambrian, 
Paleozoic, Mesozoic, and Cretaceous rocks (Green, 1972). The mountains 
to the east of the highway are formed from Precambrian, Ordovician, and 
Silurian sedimentary rocks consisting of quartzite, sandstone, shale, 
and slate. The mountains to the west, on the other hand, are Cretaceous 
sedimentary massive quartzite and shales. The entire area contains 
intrusive igneous rocks that cap the mountain peaks. These porphyry- 
syenite rocks weather into ruinous peaks and jagged spines often with 
vertical joint controlled faces that prompted early prospectors to 
refer to this area as "tombstone country." 


A.2.5 Surficial Geology 


The region containing the lower portion of the Dempster 
Highway has been glaciated by a large transection glacier moving from 
the southeast to northwest and by locally originating valley glaciers 
(Vernon and Hughes, 1966). The area exhibits evidence of three glacia- 
tions. The limits of the intermediate and last glaciations are marked 
by distinctive moraines. The limit or extent of the oldest glaciation 
is marked by erratics beyond the limits of the moraines of the two 
latter glaciations. The upland terrain west of the Klondike River has 
not been glaciated at least in recent times. 


In general there is an abundance of glacial sediments along 
the lower portion of the highway forming recognizable landforms. 


A.2.6 Highway Details 


Material for the subgrade consisting of dirty gravels was 
obtained from terrace formations along the west flank of the North 
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Klondike Valley. Unfrozen material of suitable moisture content was 
found to a depth of 3 or 4 feet. Below this depth permafrost existed 
and no attempt was made to use this material until it had thawed and 
drained. Consequently, borrow pits in this area tend to be rather 
large and shallow. 


Weathered shales and sandstones occasionally outcrop along 
the route and are used extensively as surfacing material. 


Beyond North Fork Pass the highway follows the East Blackstone 
River. This section of road was built in 1961-62 at design standards 
Somewhat below the previous forty-five miles. 


The subgrade embankment was constructed from bouldery till, 
ice contact sands and gravels, occasional terraces flanking the valley 
and alluvial sands and gravels from the Blackstone River (Fig. A-2). 


The grade line was originally three feet above the surround- 
ing terrain. Thermal subsidence of the road bed has been estimated 
to be in the order of from one to two feet and substantial maintenance 
has been required. 


Road cuts along this eighty mile section of road were not 
considered significant. They were small (less than ten feet high) 
and were stable in all cases. 


A.3 Dempster Highway (Mile 80 to Mile 154 


A.3.1 Physiography 


The highway departs from the Blackstone River and parallels 
Big Creek, a tributary of the Ogilvie River to Mile 123 and then 
follows the Ogilvie River to Mile 154 (Fig. 2-5). The road traverses 
the following physiographic units as indentified by Bostock (1961): 
the Central Ogilvie Ranges, the Ogilvie Valley and the Peel Valley. 


According to Bostock (1961) the Central Ogilvie Ranges lie 
between the Taiga and Peel Valleys and trend from east to west. They 
are composed of Jong, narrow, single, and paired ridges separated by 
wide sweeping valleys. 


The Ogilvie Valley is similar to the Taiga Valley in that 
they are both low areas with subdued topography developed on late 
Paleozoic rocks. These rocks seldom outcrop and the region is covered 
with organic deposits supporting a growth of stunted spruce (Fig. A-3). 
Occasional ridges of more resistant rock outcrop due to fold or fault 


structures (Green, 1972). 


The Ogilvie and Blackstone Rivers unite to form the Peel 
River in the western part of a trough known as the Peel Valley. The 
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Peel River gathers the Hart, Wind, Bonnet Plume and Snake Rivers and 

then flows around the south end of the Richardson Mountains and north 
to the MacKenzie. 


A.3.2 Climate 


The climate in this section maintains its severe continental 
nature with mean annual air temperatures of approximately twenty degrees 
F and mean freezing and thawing indices of approximately seventy-five 
hundred and twenty-five hundred degree days respectively. Although 
precipitation records are not available for this area, extrapolation 
from existing records would suggest amounts to be slightly less than at 
Dawson City and in the order of ten inches per year. 


A.3.3 Permafrost 


Permafrost is essentially continuous in this region except 
for areas immediatley adjacent to major streams and rivers consisting 
of active flood plain deposits. The depth of permafrost is unknown. 


A.3.4 Bedrock Geology 


The Ogilvie Ranges are founded on or formed from Precambrian 
rocks in this region. They consist mainly of dark grey or black argil- 
lite, slate, and phyllite, minor grey quartzite and grey weathering, 
thinly laminated siliceous limestone. Many slopes are shrouded in 
talus due to severe periglacial weathering. 


The Peel and Ogilvie, east-west trending, valleys are developed 
on relatively soft, late Paleozoic rocks as previously indicated. OQut- 
crops of the more resistant rocks occasionally occur throughout the 
region. 


A.3.5 Surficial Geology 


This section of the Yukon Territory lies beyond the limits 
of either the Laurentide or Cordilleran ice sheet and apparently, pre- 
cipitation quantities were inadequate to form valley glaciers during 


the Pleistocene. 


Surficial deposits, therefore, consist of talus covered 
Slopes, alluvial fan deposits, active and inactive flood plain deposits. 
Muskeg is prevalent in this area and unusually thick deposits of reworked 
fluvial organic matter often cover the coarse gravel of the inactive 


flood plains. 


Pediment slopes consisting of frozen colluvium and alluvial 
silts interspersed with rock detritus and organic matter are frequent 
along the flanks of the valleys. 
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A.3.6 Highway Details 
A.3.6.1 Highway Details (Mile 80 - 96) 


This section of road was constructed in 1969-70. Reference 
to Fig. A-4 will show a substantial improvement of the alignment and 
design standards. Experience gained from the previous sections had 
indicated that three to four feet of fill was inadequate. Five to six 
feet of embankment consisting primarily of fairly clean gravel was 
obtained from the river and stream beds. 


Backs lope cuts were rare, as the major portion of the road 
Was constructed as a fill section. A minor cut was encountered at 
Mile 96. The cut varies in depth from eight to ten feet and has a 2:1 
backslope. Three to five feet of retreat have occurred in three 
years and it is apparent that the slope is completely stable. 


The genesis of the material at this location is uncertain, 
but it appears till-like in composition and texture with a relatively 
low ice content. 


A.3.6.2 Highway Details (Mile 96 - 123) 


The road enters Big Creek Valley, a tributary of the Ogilvie 
River and follows it to its confluence with the Ogilvie River. 


The highway subgrade is formed from five to six feet of fill 
consisting primarily of active flood plain gravels from Big Creek. 


Maintenance personnel have placed weathered shale bedrock 
over the subgrade to provide a suitable binder and a smoother wearing 
Surface. 


The proximity of Big Creek occasionally forced the location 
into the flank of the valley wall. At one of these locations (Mile 
107.6) a thirty foot cut with 1.5:1 backslopes was made into a side 
hill. The material is a colluvial silt and weathered shale with organic 
inclusions. The organic mat is tearing loose and is sliding down the 
Slope; the backslope is, however, completely stable. 


Mile 108.9 exhibits a similar situation. The problem is slightly 
more acute in this instance as the material has a higher silt content, 
less angular weathered rock and a higher ice content. In this region 
the cuts were made in the fall of 1969 with no particular problem. Ice 
lenses and/or wedges up to eight feet in thickness (with an average of ; 
two to three feet) were exposed. The ice was described as “tear shaped 
and the soil had relatively few small inclusions of ice (Davies, 1973) 
Suggesting that the ice was of the wedge variety. The slope subsequently 
stabilized with modest amounts of ditch maintenance. The tongue or 
frontal lobe is stable at approximately twelve degrees with the upper 
or back scarp slope at approximately thirty-five degrees (Fig. A-5). 
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A.3.6.3 Highway Details (Wile 114) 


six At Mile 114 the highway still parallels Big Creek and the road, 
in its present location, is completely stable. However, some disturbance 
has taken place on the hillside across the valley. This is the location 

of an old tote road. Disturbance of the terrain has caused thermal sub- 

Sidence due to the melting of what apparently must have been massive tab- 
ular ice. (Fig A-6). 


The tote road was located on a natural five to six degree north 
facing slope. The landform appears to consist of alluvial silt or slope 
wash derived from the sedimentary bedrock in the adjacent Ogilvie Moun- 
tains. The material is a non-plastic silt with only ten to fifteen per 
cent clay size particles. Atterberg Limits are given in Table 2-1. 


The frontal lobe of these ablation features appears to stabilize 
at approximately nine to eleven degrees. It is of interest to note that 
this is roughly twice the angle of the natural slope. This is probably 
the reason that substantial and lengthy flows have not occurred down- 
Slope beyond the immediate region of disturbance. 


The original activity and disturbance is approximately eight 
to ten years old as indicated by the largest willows growing on the site. 


A.3.6.4 Highway Details (Mile 120.7) 


A series of relatively shallow cuts (approximately ten feet 
or less) were required in this section of road. The backslopes were 
cut at 2:1 into a terrain sloping at twelve degrees and consisting of 
ice-rich organic alluvial and/or colluvial silts. Sloughing of the 
backslopes upon melting has resulted in the material attaining a stable 
angle similar to that of the original terrain. Some ditch clearing 
has been required to maintain effective drainage (Fig. A-7). 


A.3.6.5 Highway Details (Mile 123 to Mile 154) 


The Jackfell Bridge, built by the Canadian Army in 1971, pro- 
vides the crossing of the Ogilvie River at Mile 122.6. The highway 
follows the Ogilvie River throughout this section. 


The subgrade is constructed from unfrozen sands and gravels 
obtained from old stream channels and gravel bars in the Ogilvie River. 


A number of rock cuts were required where the river was 
immediately adjacent to the valley wall. These cuts are, of course, 
completely stable. 


A cut sloped at 2:1 was made into a hillside at Mile 139. 
The material is a frozen organic silt-shale detrital mixture. Some 
melting has occurred and minor sloughing has resulted. The slope 
is performing satisfactorily with a minimum of maintenance required 


to date. 
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The proximity of the Ogilvie River at Mile 152 required 


that a cut be made into a southeast facing hillside sloping at twenty- 
Six degrees. 


The soil encountered was approximately 80% silt, 20% weathered 
Shale, and was reasonably free of interstitial ice. The excavated 
material taken from this cut was used as fill in the section beyond so 
that it is safe to conclude that the material has a gross water content 
of less than about 15%. 


The initial excavation was made in the autumn of 1971 and no 
problem was evident until the following spring when surface runoff 
above the cut began eroding gulleys into the face of the 1:1 backslope. 
The material was deposited below the slope, blocking the ditches and 
preventing drainage. This material was removed as it collected and 
the backslope continued to retreat until a thirty foot vertical face 
developed exposing ice lenses or wedges eight to twelve feet thick and 
continuous for a distance of forty feet in length (Fig. A-8). 


This condition prevailed for the entire 1972 summer season. 
The following spring gravel from the Ogilvie River was placed over 
the face of the cut to act as an inverted filter and/or to provide 
insulation to prevent further melting (Fig. A-9). These remedial pro- 
cedures appeared to have been effective at the time of inspection. 


A.3.7 Summary 


Subgrade materials in this section of highway consist primarily 
of select borrow materials from gravel bars in the adjacent streams and 
rivers. The uSual maintenance problems associated with melting of ice 
and ice wedges were encountered in the first year or two after the road 
was constructed, but maintenance crews have comfortably coped with the 
task of maintaining a highly acceptable riding surface. This seventy-four 
mile section of road was the highest quality of recently constructed gravel 
road encountered in the entire field reconnaissance program. 


The performance of cuts constructed along this section have 
been excellent and nothing more than ditch clearing was required to 
maintain effective drainage except for the single problem located at 
Mile 153. Ass 


It appears that remedial measures employed to cope with this 
latter problem have been entirely adequate. : 


A.4 Dempster Highway (Mile 154 to Mile 178 


A.4.1  Physiography 


The Dempster Highway departs from the Ogilvie River and ascends 
the flank of the valley up to the Eagle Plains which are part of the 
Porcupine Plateau. 
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According to Bostock (1961), the Eagle Plain is like a "tray 
with low rounded ridges". It extends north for one hundred and ten miles 
and is approximately sixty miles wide. 


The drainage pattern is dendritic with the streams entrench- 
ing their valleys back from the northward flowing Porcupine and Eagle 
Rivers. The drainage divides between the streams are long even topped 
connecting ridges with broad gently rounded summits exhibiting three 
hundred to five hundred feet of relief. Many of these ridges are twenty- 
five hundred feet or more in elevation. 


A.4.2 Climate 


The climate continues to become more severe with the northern 
progress of the road. Scanty climatic records indicate the mean annual 
air temperatures to be approximately fifteen degrees F. The mean 
freezing and thawing indices are eighty-five hundred and twenty-two 
hundred degree days respectively (Thompson, 1963). Precipitation in 
this region of the Yukon Territory is in the order of nine to eleven 
inches per year. 


A.4.3 Permafrost 


Permafrost is continuous in this zone outside of areas 
immediately adjacent to streams and rivers. Depths vary from a few 
feet below the surface to over one thousand feet (Campbell, 1961). 


A.4.4 Bedrock Geology 


The bedrock geology of this area has not been mapped in detail 
(to the knowledge of the author). According to Mollard (1971), the 
sedimentary bedrock strata consist primarily of Cretaceous interbedded 
shales and sandstones. They vary from steeply dipping to essentially 
flat lying with only slight evidence of some local folding and faulting. 


A.4.5 Surficial Geology 


This region is unmarked by recent glaciation. The surficial 
deposits consist of discontinuous felsenmere and/or colluvium over 
bedrock with extensive cover of organic deposits. The sands tone is 
more resistant to weathering and therefore forms the tops of ridges and 
escarpments. The shales on the other hand, are softer and weaker and 


form smoother more gentle slopes. 


The shales can vary from clayey to sandy in composition. The 
sandstones vary from arenaceous to clayey in composition as they grade 


into the shales. 
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Borrow material for the highway subgrade embankment is com- 
prised almost exclusively Of weathered sandstone and sandy shales. 
een fill construction is used extensively on this section of the 
road. 


A.5 Highway Details 


The ascent from the Ogilvie River valley represents a change 
in elevation of some fifteen hundred feet in the space often miles. 
Large side hill cuts were required in combination with reasonably steep 
grades (eight percent) to maintain reasonable horizontal and vertical 
alignment. Since these cuts were made into sandstone and shale bedrock 
deposits, no problems were encountered with stability. 


The road location follows the sandstone ridges with the 
engineering design and construction aspects in complete accord with 
landscape aesthetics. 


A.5.1 Highway Details (Mile 168) 


A small cut was made into a side hill sloping at approximately 
Six degrees. The backslope was cut at 1.5:1. 


The material is a sandy silt with angular weathered rock 
inclusions. The soil is obviously ice-rich, (estimated to be approx- 
imately 20% excess by volume) but appears to be draining freely. 


The melted material is stabilizing at an angle of eleven 
degrees. The slope has retreated twenty to twenty-five feet during 
the first thaw season. The slope appears to be stabilizing without 
total destruction of pre-existing vegetation or without creating an 
excessively displeasing appearance. 


A.5.2 Highway Details (Mile Li) 


An eight to ten foot cut was made into a soil formed from 
weathered shale and sandstone. The material has 25% clay size particles, 
45% silt size particles, 20% sand size particles, and 10% gravel size 
particles and a natural water content equaling or exceeding the liquid 
limit (35 - 45%). (Table 2-1). 


The 1.5:1 backslope is presently retreating and material is 
sloughing into the ditch. Subsidence is also occurring on the shoulder 
of the road and in the ditch. This activity is apparently due to the 
melting of a large tabular body of ice some two to four feet in thick- 
ness and fifteen to twenty feet in areal extent (estimated by D.P.W. 


personnel). 
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The Slope had retreated approximately twenty-five feet at 
the time of inspection in mid-July (Fig. A-10). , 


This section of road was built in the Spring of 1973. At 
this time of year the maximum depth of the active layer had not yet been 
developed. When subgrade construction material is placed directly on 
the active layer without stripping, the subgrade tends to undergo sub- 
stantial differential settlement and cracking as melting proceeds into 
the active layer during the remaining summer. On the other hand, sub- 
grades that are constructed in late summer and fall tend to be more 
stable and exhibit less differential settlement. This behavior is 
attributed to the fact that much of the settlement occurs during the 
construction period and not after the grading has been completed. 


Serious cracking of the subgrade has occurred in this last 
Section of the Dempster Highway. Constant maintenance with heavy motor 
graders is required to fill the cracks and seal the surface, prevent- 
ing moisture from entering the subgrade and contributing to its soften- 
ing and thermal degradation (Fig. A-11). 


A.5.3 Summary 


The subgrade of this highway segment is built almost exclusively 
from weathered sandstone, which is obtained from broad shallow borrow pits 
along the right-of-way. 


Excavation of a number of small cuts was performed without 
major difficulty by maintaining the permafrost in an essentially frozen 
state. Minor problems of backslope instability are evident but it is 
felt that stability will be essentially re-established by the end of 
the 1974 summer season. Some ditch maintenance will be required to 
Sustain drainage requirements in this region. 


This represents the present extent of construction of the 
Dempster Highway in the Yukon Territory. 


A section of this highway between Fort McPherson and Arctic 
Red River in the North West Territories is completed and will be 
discussed subsequently. 


A new contract is presently underway to construct 56.5 miles 
of road from Mile 178.3 to Mile 236.8 at the Eagle River. This section 
of road is similar in almost all aspects to the previous twelve miles. 


The location follows the summits of the ridges whenever 
possible and borrow material will consist almost exclusively of weathered 
sandstone and shale bedrock except where limited quantities of sand 
and gravel are available from the Eagle River or other lesser streams 


adjacent to the right-of-way. 
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A.6 Dempster Highway (Fort McPherson to Arctic Red River, Mile 330 


to Mile 365 


A.6.1 Physiography 


The location is shown in Fig. 2-3 and Fig. 2-5. This region 
lies within the Peel Plateau, a subdivision of the Interior Plains Prov- 
ince (Bostock, 1964). Hills and ridges in the northeast section rise 
to an elevation of fifteen hundred feet about mean sea level. The remain- 
ing area is relatively flat with many small lakes. Local relief along 
the right-of-way is usually less than one hundred feet. The major rivers 
are the Peel in the western part and the Arctic Red running the full 
length of the region. 


A.6.2 Climate 


The climate of this area is again continental in character 
with long cold winters, short warm summers, and low annual precipitation. 


The mean annual air temperature is approximately fifteen to 
sixteen degrees F with a mean annual precipitation of nine inches con- 
sisting of forty inches of snow and five inches of rain. 


The mean annual freezing index is eight thousand degree days 
F and the mean thawing index is approximately twenty-one hundred degree 
days. 


A.6.3 Permafrost 


This area is well within the zone of continuous permafrost 
(Brown, 1967). The depth of the active layer is of course related to 
the soil type, slope, aspect and ground cover. Probings conducted in 
conjunction with geotechnical investigations for the highway suggest 
that two feet is an average value. 


Vegetation is limited to scrubby spruce, birch, willow, alder, 
and tamarack, with low ground cover consisting of reindeer and sphagnum 
mosses, Labrador tea, alder, and berry plants. 


A.6.4 Bedrock Geology 


Bedrock geology studies indicate interbedded sedimentary 
Cretaceous shales and sandstones at Fort McPherson and Upper Devonian 
interbedded shales and sandstones at Arctic Red River. 


A.6.5 Surficial Geology 


This area has been glaciated by Laurentide ice and the pre- 
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dominant landform is a hummocky or dead ice moraine. Large areas are 
covered with silt and organic materials. 


Surface drainage is not well developed on the relatively 
flat terrain and many small lakes dot the surface. 


The soi] is essentially unsorted drift with thin deposits of 
fine-grained, ice-rich material draped over and/or filling depressions 
in the landscape. 


A.6.6 Highway Details 


The main engineering design problems concerned the stability 
of various available construction materials, embankment design, and 
design of drainage structures. 


An attempt was made to use the till as embankment material 
but excessive moisture contents rendered this material generally 
unsuitable. Consequently the subgrade material consisted almost 
exclusively of ripped sandy shales. 


The feature of special interest to this study is a large 
cut at Mile 343 (Fig. A-13). 


The soil at this location consists of a silty clayey till 
with a natural water content of twelve to twenty-eight per cent and 
containing ice lenses or inclusions up to four feet in thickness. 
Some soil samples contained thirty per cent excess water. 


Initial soil investigations did not indicate such large ice 
contents and plans have been made to use this material excavated from 
this area as fill for adjacent sections. The use of this material for 
fill resulted in a substantial saving in haul costs. As a result some 
of the excavated material was utilized as fill. However, the soil 
proved to be quite unstable when thawed. A substantial amount of time 
was required to allow this soil to drain and stabilize before a crushed 
Shale capping could be placed upon it. Much of the material that was 
removed from the cut was subsequently wasted in adjacent spoil areas. 


The resulting cut is approximately one half mile long, thirty- 
five feet deep, and two hundred and fifty to three hundred feet wide. 
The backslopes were constructed at 1.5:1 and the minimum stable angle 
in localized areas was found to be seventeen degrees. The road bed 
is formed from four to five feet of borrow material consisting of 
compacted broken shale bedrock. 


After the cut had been made (with some difficulty) the ice 
began melting and the backslopes exhibited fairly serious degradation 
in various areas of the cut. The amount of retreat was apparently 
limited to the areal extent of the ice. It appears that retreat of 
the slope ceased when the excess ice had melted and the water had 


drained away. 
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Small amounts of maintenance have been performed on this 
cut In an attempt to re-establish a more or less planar backslope sur- 
face where degradation was most severe. Organic material and small trees, 
serving aS insulation, were placed in one area in an attempt to reduce 
permafrost degradation. Some ditch maintenance has been performed 
to sustain effective drainage (Fig. A-13). 


At the time of inspection the backslopes appeared to have 
completely stabilized without serious detrimental results. 


This is the most substantial cut on all of the Dempster 
Highway that has been constructed to date. It is the width and length 
of the cut rather than the depth or backslope instability that makes 
it an outstanding feature on the landscape. 


AoW, Dempster Highway (Mile 178 to Mile 330 


A brief helicopter reconnaissance was made of the proposed 
location of the section of Dempster Highway between Fort McPherson 
and south to Mile 178 of the constructed portion. It was hoped to 
collect some information regarding the possibility of potential 
problems regarding slope instability along the proposed route. 


A.7.1 Physiography 


The Richardson Mountains develop almost imperceptibly from 
the rolling hills and valleys of the western part of the Peel Plateau. 
Their highest summits reach fifty-five hundred feet in elevation. 

South of McDougall Pass (the lowest point in the mountains) they become 
lower and narrower and are about thirty-five hundred feet in elevation 
(Bostock, 1961). 


A.7.2 Climate 


Climatic records are sparse for this region. Mean annual 
air temperatures are probably somewhat less than at Fort McPherson 
due to the increased altitude. The freezing and thawing indices are 
eighty-five hundred and twenty-one hundred F days respectively. 


A.7.3 Permafrost 


Permafrost is essentially continuous in this region. 


A.7.4 Bedrock Geology 


Bedrock geology is not well known for this particular region. 
It can be inferred from Hume (1954) and Bostock (1957) that the area 
is underlain by, and the mountains are formed from, interbedded sed- 


imentary rocks of Devonian to Cretaceous Age. 
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A.7.5 Surficial Geology 


This region lies east of the western limits of the Wisconsin 
and Pre-Wisconsin glaciation (Hughes, 1972). This history provides a 
basis for the occurrence of glacial moraines, glacio-fluvial, and fluvio- 
lacustrine deposits that may be ice-rich and exhibit total instability 
when thawed. 


Beaded drainage, patterned ground and solifluction slopes 
are common in this area. 


A.7.6 Observations 


Several naturally occurring bi-modal flow slides were noted 
in the Richardson Mountains near the Yukon-North West Territories border. 
Some of these flows have run their course or have become dormant, while 
others are presently very active. None of these flows were in close 
proximity to the proposed right-of-way. 


An excellent example of one of these active flow slides is 
Shown in Fig. A-14. The light colored material on the left is definitely 
a till with twenty-five percent gravel size particles, ten per cent sand 
Size particles, thirty-five per cent silt size particles, and thirty per 
cent clay size particles. This soil has a liquid limit of thirty-three 
per cent and a plastic limit of twenty-three per cent. The dark area is 
a very ice-rich silty clay or clayey silt with fifteen per cent sand size 
particles, fifty per cent silt size particles, and thirty-five per cent 
Clay size particles. This latter soil has a liquid limit of forty per 
cent and a plastic limit of twenty-one per cent. It was not possible 
to establish the nature of the ice in the headscarp but it was, however, 
evident that the material below the upper two feet was almost pure ice. 


This flow slide is occurring on a Southeast facing natural slope 
of seven degrees. The headscarp angle varies in slope from near vertical 
to approximately fifty degrees in the lower section just above the flat- 
lying seven degree lobe. The land form appears to be an alluvial fan. 
However, the uniform surface of the undisturbed terrain may be slide 
debris deposited from an old flow. 


A.7.7 Summary | 


The Dempster Highway between Fort McPherson and Arctic Red 
River is an excellent gravel highway. Although the observers did not 
travel the road by surface transport, it is reported to be comfortably 
negotiable at speeds in excess of fifty miles per hour (Aspden, 1973). 


Only one cut was encountered along the route. Although it | 
had caused the designers and builders considerable concern in the initial 
stages, it has subsequently stabilized without serious consequences. 


It would appear that cuts made in regions where the landform 
is a ground moraine should not create major problems under normal circum- 


stances. 
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Flow slides as encountered in the eastern reaches of the 
Richardson Mountains and along the Mackenzie River have been observed 
to occur primarily in regions that have been subject to either 
continental or valley glaciation. Sediments encountered at these 
Sites consist of significant quantities of ice-rich fine-grained 
lacustrine deposits. 


A.8 Mackenzie Highway (Inuvik to Arctic Red River) 


A section of the Mackenzie Highway is being constructed 
South from Inuvik and another section north from Arctic Red River. 
Helicopter reconnaissance was made of these sections of road. No cuts 
of significance were encountered on the Inuvik section. 


A large cut was being constructed on the north approach to 
the Mackenzie River crossing at Arctic Red River. The maximum depth 
of the cut is approximately forty-five feet. The section exposed from 
fifteen to twenty-five feet of ice-rich fine-grained sediments over 
interbedded shale and sandstone bedrock. The cut was designed with 
1.5:1 backslopes but they were increased to 1:1 in the bedrock portion 
in order to obtain more borrow material. The thickest part of the 
Overburden occurred on the south or southwest facing bluff of the 
Mackenzie River. This material was quite low in water content and it 
was assumed that this portion of the cut would be thaw stable. As 
excavation proceeded away from the river bank, the overburden soils in- 
creased in ice content. Unfortunately no accurate soils data exist 
for these fine-grained sediments. The engineering personnel, however, 
decided that excessive ice contents would result in unstable back- 
Slopes when thawing began. To prevent such an occurrence, the slope 
was benched at the bedrock level and the ice-rich fine-grained sedi- 
ments in the upper portion of the slope were dressed with ten feet of 
crushed shale. 


The slope has been exposed during the 1973 summer season and 
it appears to be performing satisfactorily (Fig. A-15). 


A.9 Alaska Reconnaissance 


A.9.1 General 


The roads in Alaska, to date, have been built in the dis- 
continuous permafrost zone except for minor activity on the Arctic 
Coast. The designers for the most part have been able to choose their 
locations judiciously and thus avoid cuts where ice-rich fine-grained 
soils were suspected. Even so, demands from the oi] industry have created 
a need for road locations that do not allow the designer as much lat- 
jtude in choice of route. The Trans-Alaska Pipeline System (TAPS) Haul 


Road is an example of this type of problem. 


The TAPS Haul Road begins some sixty miles northwest of 
Fairbanks and presently extends fifty-five miles beyond to the Yukon 
River (1973). This road will eventually extend north to Prudhoe Bay on 
the Arctic Coast and will provide facilities for ground surface transport 
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of all supplies and personnel required for the construction of the 
proposed Trans-Alaska Pipeline System. 


The great difficulty associated with the routing of this road 
is that it crosses the "grain" of the country. Its origin and destina- 
tion require the route to climb south-facing slopes and descend north- 

facing slopes (Fig. 2.6). 


A.9.2 Physiography 


__ The TAPS Haul Road originates at 65°39'N latitude; 148°39'W 
longitude and terminates at 65°52'N latitude; 149937'W longitude. 


The road crosses two physiographic regions: the Yukon- 
Tanana Upland in the southern portion and the Rampart Trough in the. 
northern section. 


The climate, permafrost conditions and surficial geology of 
the two physiographic regions are very similar and only the physio- 
graphy and bedrock geology are significantly different. 


The Yukon-Tanana Upland is part of the Northern Plateau 
physiographic province of the Intermontane Plateau system (Environmental 
Impact Statement Proposed Trans-Alaska Pipelines System (EISPTAPS) 
Volume 2, 1972). Broad undulating divides and flat-topped spurs char- 
acterize this section of even topped ridges. These rounded ridges 
trend northeast to east with elevations of fifteen hundred to three 
thousand feet and rise five hundred to fifteen hundred feet above 
adjacent valley floors. Occasional mountain peaks rise from four 
thousand to five thousand feet in elevation. The valleys in the 
western section (adjacent to the TAPS right-of-way) are from one quarter 
to one half mile in width. They are flat and are generally filled with 
alluvium. 


The entire section is in the Yukon drainage basin with streams 
flowing south to the Tanana River and north to the Yukon River. The 
drainage pattern is controlled by the bedrock structure and the streams 
trend northeast-southwest so that no opportunity is created to cross 
the "grain" of the country by following natural drainage channels. 


The Rampart Trough lying directly north of the Yukon-Tanana 
Upland is a large depression eroded five hundred to twenty-five hundred 
feet into sedimentary rocks. This lowland exhibits gently rolling 
topography five hundred to fifteen hundred feet in elevation. 


This trough contains the broad and sometimes meandering Yukon 
River. The only two significant tributaries traversed by the road are 


Hess Creek and Isom Creek. 


Occasional thermokarst lakes dot the broad Yukon flood plain 
and may be found in the surrounding terrain. 
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A.9.3 Climate 


_ The climate of this region is dominated by continental climatic 
conditions characterized as usual with long cold winters and relatively 
short warm Summers. The mean maximum and mean minimum temperatures for 
January are minus four to minus six degrees F and minus sixteen degrees 
F respectively. The mean maximum and mean minimum temperatures in July 
are seventy-four degrees F and forty-six degrees F respectively. The 
mean freezing and thawing indices are sixty-five hundred and three 
thousand degree days respectively. 


A.9.4 Permafrost and Vegetation 


The entire fifty-five mile section of the TAPS haul road lies 
within a zone that is underlain by discontinuous permafrost (Ferrians 
et al, 1969). The active layer varies in depth along the route depend- 
ing on landform, exposure, aspect, and vegetation. Probings suggest 
it to be eighteen inches to ten feet below the surface. 


Most of the area is covered by dense forest. The well-drained 
areas support white spruce, white birch, aspen, and balsam poplars. 
Upland areas where drainage is poor support heavy stands of black spruce. 


The lower slopes and valleys are often covered with black 
spruce heath and small birch shrubs. Ground cover consists of the 
usual Sub-arctic mosses and shrubs. 


Abrupt changes in vegetative cover are characteristic of 
this region (Fig A-16). These changes are related to terrain aspect, 
moisture and soil nutrient levels, and depth of active layer. 


The vegetation patterns were quite confusing to the route 
locaters and designers. Areas supporting healthy stands of white 
spruce and birch with occasional aspen were considered to be preferred 
routes. However these sites often contained extremely ice-rich sedi- 
ments and caused the designers and builders as much trouble as did the 
sites with more easily recognized vegetation types normally associated 
with difficult terrain. 


A.9.5 Bedrock Geology 


The Yukon Tanana Upland is formed from a zone of highly deformed 
Paleozoic sedimentary and volcanic rocks containing limestone deposits 
along the north side of the Upland (Kachadoorian, 1971). The remainder 
of the region is primarily Precambrian schists and gneisses with smal 
Scattered granitic intrusions in the northwestern part. 


The bedrock geology of the Rampart Trough consists of tightly 
folded soft continental coal bearing sedimentary rocks of Tertiary age. 
The surrounding uplands and hard rock hills of Mississippian age are 
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partly metamorphosed with volcanic rocks and occasional granitic in- 
trusions (ibid). 


A.9.6 Surficial Geology 


Kachadoorian (1971) states that this segment of Alaska is 
unglaciated and surficial deposits are composed of reworked wind blown: 
Silt, colluvial and alluvial silt, sand and rock fragments, dune sand 
and alluvial sand and gravel. These sediments are unconsolidated, 
usually frozen and often very rich in ice. Ice forms include wedges, 
lenses, and interstitial ice. 


A.9.7 Highway Details 


The TAPS Haul Road was built in 1969 and 1970 so that suffici- 
ent time has elapsed to allow a critical evaluation of the behaviour of 
the backslopes and subgrade. 


The road had many substantial cuts on north-facing slopes that 
exposed what was termed as "massive ice". Certainly the ice did appear 
massive, in that cuts in the order of twenty feet had twelve feet of 
ice exposed in the section. However, the tabular extent of these ice 
exposures was not and has not been established. 


Many of the cuts were excavated with vertical or near vertical 
faces with the thought that prior to any self-healing, the cuts would 
have to melt back into a vertical position. The upper covering of 
soil and organic mat would then slough down over the melting ice and 
thus provide sufficient insulation to re-establish a stable ground 
thermal regime. Vegetative cover would then establish itself on the 
sloughed material, thus preventing erosion and any further fouling of 
the ditches. . 


Inspection of these cuts in the summer of 1973 indicated that 
the backslopes had essentially stabilized. Many slope angles are very 
steep (thirty-five to forty degrees) and the present conditions pro- 
bably do not represent long term stable slope angles for most of the 
colluvial silt encountered along the route. It is therefore conceiv- 
able that adverse pore water pressure conditions developing in the back- 
slope could initiate instability, re-expose ice wedges, and re-initiate 
the cycle of melting, sloughing, draining, and self-healing. 


A.9.7.1 Highway Details (Mile 14 


Massive ice was encountered ina series of cuts along this 
section of road (Wellman, 1973).” The cuts varied in depth from ten to 


ji Wellman (1973) Personal communication. 
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twenty-five feet with ice conditions being the most serious on the 
poorly drained tops rather than the Slopes. These cuts were excavated 
with 2:1 backslopes and the photographs indicate that reasonably serious 
but limited degradation has occurred in many locations. The tree cover 
was removed by hand to prevent rupture of the moss cover and it has 
draped itself over the retreating slope (Fig. A-17). 


; Beaded drainage is developing in the ditches along this sec- 
tion of road. 


A.9.7.2 Highway Details (Mile 19.6 


Cuts, typicaily fifteen to twenty feet deep with 1.5:1 back- 
Slopes were constructed along this section of road. 


Crushed rock revetments have occasionally been placed at 
the toe of some of these slopes to retain the soil and allow the water 
to filter through into the ditch bottom. 


Revegetation of the slopes has developed remarkably well. 
This is due primarily to extensive hydroseeding programs that were 
preformed subsequently to construction. 


Although no borehole data is available for this specific 
section it is felt that Fig. A-18 is representative of this area. The 
borehole location is approximately one mile northwest of Mile 20 and 
adjacent to the proposed TAPS route. 


Photos dating from May, 1971 to June, 1972 are available for 
comparison for this section of road (Smith and Berg, 1973). The 
conditions of the backslope are illustrated in Fig. A-19 (1973). 


A.9.7.3 Highway Details (Mile 20.3 to Mile 20.5 


A long cut varying from twenty to forty feet in depth with 
1/4:1 backslopes was made into a north-facing slope with essentially 
the same or similar ground profile as described in the previous section. 


This section of road was referred to as the "ice tunnel", due 
to the massive ice exposed on either side of the road. The backs lopes 
have since become essentially stable at slopes of thirty-five to forty 
degrees. The vegetation is becoming well established and the slopes | 
are not aesthetically objectionable to the road user. 


A series of photographs dating from June, 1970 to Aug., 1971 
illustrate the genesis of this section (Smith and Berg, 1973). Fig. A-19 
illustrates the conditions of the backslope (July, 1973). 


A.9.7.4 Highway Details (Mile 22.9 
A fifteen to twenty foot cut with backs lopes of 1/4:1 was 
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required at this location. 


Shallow boreholes (fourteen feet in depth) were made prior to 
construction. They indicated four to six feet of organic matter with 
Silt with ice, or ice with silt extending to the bottom of the borehole. 
Boreholes subsequently drilled along the right-of-way and within one 
half mile of this location indicate in excess of thirty-two feet of 
massive ice. 


The slope has degraded approximately seventy-five feet in 
localized areas. The frontal lobes are stable at seventeen to twenty- 
three degrees. The slopes are being revegetated and appear to be 
functioning satisfactorily. Some ditch blockage has occurred in this 
region. 


| Fig. A-21 provides a view of the cut shortly after construction 
was completed in April, 1970. Fig. A-22 illustrates the condition of 
the backslope in July, 1973. 


A.9.7.5 Highway Details (Mile 23.4 


The approach to Hess Creek required a thirty foot cut to main- 
tain suitable horizontal alignment. The backslopes were constructed 
at 1/4:1 and exposed fifteen to twenty feet of massive ice. 


Special concern was expressed about the future stability of 
the backslopes of this particular section because of disturbance of 
the terrain above the slope associated with the contractor's activity. 
The tree cover had been removed and the moss cover damaged by equip- 
ment uSing a temporary access road. 


Rock revetments have been placed at the toe of the slope to 
retain the sloughing soil. Insulation was placed on the disturbed 
terrain above the cut to prevent excessive degradation. 


Results from limited probing data indicate that the thaw 
depth on the face of the slope in July, 1973 was approximately three 
feet, two to eighteen inches under the insulation, and eighteen inches 
in the undisturbed forest cover. 


The thawed slope has become essentially stable at angles vary- 
ing from twenty-five to thirty-five degrees. A scalloped pattern has 
developed subsequent to the melting of the ice. This pattern may have 
resulted from the melting of ice wedges rather than tabular ice bodies 


of significant extent. 


It is difficult to confirm or deny such an assertion without 
an extensive drilling program or visual logging of ground ice patterns 
during excavation. 


Fig. A-23 illustrates the cut shortly after construction was 
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completed. Fig. A-24 illustrates the condition of the backslope in 
July, 1973. 


A.9.7.6 Highway Details (Mile 33.0 to Mile 33.4) 


A series of cuts varying from fifteen to sixty feet were 
required in this short section approaching an unnamed tributary to 
Hess Creek. 


Part of this large cut was benched in bedrock. The bedrock 
surface is irregular and the swales and smaller rises are covered with 
ice-rich colluvial and/or alluvial silts. Cuts made in this latter 
material exhibited extensive instability after construction. Some 
of these smaller cuts developed a bi-modal flow profile with five to 
Six foot near vertical headscarps and lobe angles of fifteen degrees. 


The backslopes, originally cut at 1.5 to 1 are essentially 
Stable after retreating seventy-five to one hundred feet from their 
original position. 


Revegetation procedures have again produced backslopes which 
are satisfactory to even a critical viewer. Hand clearing that was 
apparently done during the winter, has left four foot stumps protruding 
above the moss cover, a particular feature that does nothing to enhance 
the aesthetics of this section. Fig. A-25 illustrates the backslope of 
one of the smaller cuts in this section. 


A.9.7.7 Highway Details (Mile 42.8) 


A twelve to fifteen foot cut at 1/4 to 1 backslopes was made 
in relatively dry but frozen silt. A minor amount of thaw-flow occurred 
here, but: a stable appearance precluded further serious examination. 


A.9.7.8 Highway Details (Mile 53.5) 


A relatively dry silt overlies shale bedrock at this location. 
The cut was made into fifteen feet of silt, benched, and the remaining 
ten feet cut into the bedrock. The silt has melted and sloughed onto 
the bench. The backslope appears quite attractive and is completely 


Stable. 


A.9.7.9 Highway Details (Mile 54.4) 


This location represents the approach to the Yukon River and 
the end of the haul road. 
Cuts in the order of twenty to twenty-five feet were made at 


ignifi i tered. 
1/4 to 1 into frozen silts, but no significant excess Ice was encoun 
when the material thawed it was essentially dry and now the silt is 
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sloughing off the near vertical banks to form a more stable slope con- 
figuration. Fig. A-26 illustrates the backslope in July, 1973. 


A.9.8 Summary 


Although the surficial geology of both physiographic regions 
appears to be essentially the same, there does seem to be at least a 
subtle difference in the ground ice content and conditions between 
the two regions. This change was evidenced beyond Hess Creek and to 
a greater extent beyond Isom Creek (Mile 23.5 and Mile 43, respectively). 
The soil that was exposed in the cuts in the latter section was sub- 
Stantially drier. This observation was made by the designers and it 
has been well substantiated by noting the improved behavior of the 
backslopes in this latter section of haul road. 


The TAPS Haul Road has provided the first real opportunity 
to observe and record the performance of a significant number of sub- 
stantial road cuts in ice-rich fine-grained soils in areas of discon- 
tinuous permafrost. It appears that the performance of these cuts.is 
entirely satisfactory. 


However, with the limited information available on the exact 
nature of ground ice conditions it is difficult to draw absolute con- 
clusions as to why these cut slopes (through what appears to be massive 
ice) have stabilized without excessive degradation and retreat. 


Certainly the relatively free draining nature of the silt 
deposits, the massive revegetation program, and probably the initial 
vertical cross-sections have all contributed to rapid stabilization. 
More important, however, may be that the ground ice occurs in the form 
of wedges of limited extent and that the backslopes stabilized when 
the exposed ice wedges melted and allowed the remaining soil to slough 
down forming a quasi stable slope of relatively low moisture content 
material. Summaries of soil classifications for the TAPS Haul Road 


appear in Table 2-1. 


A.10 Copper River Basin 


A general reconnaissance of backs lope highway cuts was made 
from Anchorage to the Copper River Basin. 


A.10.1 Physiography 


The Copper River Basin lies in southeastern Alaska. It is a 
structural and topographic basin enclosed by diverging and converging 
mountain ranges. The Basin is drained by the Copper River and its tri- 
butaries which have steep walls one hundred to five hundred feet high. 
Thaw lakes are common in the eastern part of this region. Salt springs 
and mud volcanoes are formed from highly saline ground water. 
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261. 
A.10.2 Climate 


The climate of the Copper River Basin is somewhat less severe 
than the Fairbanks region. The mean maximum temperatures for January 
are minus two degrees F and minus twelve degrees F respectively. The 
mean maximum and mean minimum temperatures for July are sixty-eight 
degrees F and forty-six degrees F respectively. The mean freezing and 
thawing indices are approximately twenty-three hundred degree F days 
and three thousand degree F days respectively. The mean annual pre- 
cipitation is approximately ten inches. Snow fall is approximately 
forty-six inches per year. 


A.10.3 Permafrost 


The region lies within the discontinuous permafrost zone and 
permafrost is essentially continuous except in the valleys of major 
rivers (Ferrians, 1965). The permafrost table is as much as thirty 
feet below the surface in the southern part of this basin. 


A.10.4 Bedrock Geology 


The northern region is underlain by erosion resistant late 
Paleozoic and Mesozoic metamorphosed volcanic rocks with granitic in- 
trusions. The southern part is underlain by soft interbedded sedi- 
mentary sandstones and shales of Mesozoic age. Tertiary gravels are 
found on many of the hills in the southwestern part of the basin (EISPTAPS). 


A.10.5 Surficial Geology 


This region has been subjected to extensive glaciation during 
the Pleistocene. Extensive pro-glacial lakes were formed when the 
drainage routes were blocked by these ice sheets. In one of the early 
glaciations ice filled the basin and flowed out in several outlets. 


The area contains major deposits of glacial and pro-glacial 
materials up to five hundred feet in thickness. They include glacio- 
lacustrine clay, silt and sand, fluvial silt, sand and gravel, colluvium, 
and organic deposits. The glacio-lacustrine soils are plastic and 
dense with ground ice prevalent in the form of veins. Some massive ice 
is found in this region (EISPTAPS). 


A.10.6 Highway Details 


Highway designers are plagued with instability of large cuts 
and fills in this region of Alaska. Soil and ground ice conditions are 
extremely variable. Natural moisture contents may be as high as the 
liquid limit. Ground ice is found in the form of lenses and interstit- 
ial ice. In some cases the lenses may be of substantial thickness. 
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Slopes in this region are cut at appropriate angles to ensure 
stability in the thawed but essential ly undrained case. No excess pore 
pressures due to thaw are considered in the analyses. 


Several significant cuts were investigated in this region but 
the ice contents are apparently low enough to prevent appreciable de- 
gradation or slope retreat upon melting. 


Instability of the natural slopes is common but most are rota- 
tional or block-type failures and are not necessarily related to the 
degradation of permafrost. 


A.11 Conclusions 


General conclusions obtained from the reconnaissance are con- 
tained in the body of the thesis (Chapter II) and consequently, will 
not appear in this Appendix. 
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~ Fig. A.1 Mile 222 Alaska Highway (Backslope instability during 
construction, July 1973). 


Fig. A.2 Mile 50 Dempster Highway (Headwaters of the East Blackstone 
River. Road built at very modest geometric design standards). 


Fig. A.3 Mile 124 Dempster Highway — | 
(Typical view of the Ogilvie physiographic unit). 
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Fig. A.4 Mile 80 Dempster 


Fig. A.5 Mile 109 Dempster Highway (Biangular profile of 
backslope due to permafrost degradation). 


, 


Fig. A.6 Mile 114 Dempster Highway (Large thermal degradation 


scar - 150 ft. wide and 15 to 20 ft. deep). 
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Fig. A.7 Mile 120.7 Dempster Highway (Ten ft. cut with 2:1 
backslopes made into ice rich organic silt. 


Fig. A.8 Mile 153 Dempster Highway (Melting of large ice wedges 
caused slope degradation). 
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Fig. A.9 Mile 153 Dempster Highway 
(View from top dressed backslope). 


Fig. A.10 Mile 175 Dempster Highway (Backslope and shoulder failure 
due to melting of a large ice lense). 


Fig. A.11 Mile 175 Dempster Highway (Severe cracking of shoulder due 
to differential thermal subsidence caused by construction). 
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Mile 343 Dempster Highway- Large cut between Arctic Red 


Pac A) 2 
River and Fort McPherson (Looking west). 


PicwAn la Mile™s4a3 Dempster Highway - Stabilized backslope. (Hand 
placed vegetation to control rate of thaw). 


pig. A.14 Bimodal flow in the Richardson Mountains. 
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Fig. AI5 Approach cut to Mackenzie River crossing at Arctic Red 
River. 


Fig. A.16 Typical vegetation patterns at southern end of TAPS 
Haul’ Road. 


Fig. A.17. Mile 14 TAPS Haul Road (July 1973). 
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Fig. A.20 Mile 20.3 (32.6 km) TAPS Haul Road (July 1973). 
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Fig. A.21 Mile 22.9 TAPS Haul Road (April 1970) 
(After Smith & Berg 1972). 
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Fig. A.23 Mile 23.4 TAPS Haul Road. Approach to Hess Creek 
(April 1970). 
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Fig. A.24 Mile 23.4 TAP 
(July 1973). 


Haul Road. 


Fig. A.26 Mile 54.4 TAPS Haul Road (July 1973). 
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APPENDIX B 


The following appendix contains a computer program that was 
used in Chapter III of this thesis. 


This program may be utilized in the design of insulation 
thickness and surcharge loading for the stabilization of planar land- 
Slides in thawing soils. The insulation used in this example is 
woodchips. The input for trial one is: 


Thermal conductivity of gravel (K1) = 0.0065 cal/deg C cm s 
Thermal conductivity of woodchips (K2) = 0.00030 cal/deg C cms 
Thermal conductivity of thawed soil (K3) = 0.0030 cal/deg C cms 
Insulation thickness (H) = 0.15 m 

Surface temperature (TS) = 16.99 C 

Length of thaw season (TF) = 130 days 

Coeff. of consolidation (Cv) = 0.002 cm“/sec 

Grid spacing (Dx) = 0.040 m 

Depth of surcharge (DEP) = 0.91 m 3 

Unit wt. of G amt 1 = 19.65 kN/m 

Specific gravity of parent material (GS) = 2.70 

Water content of parent material (W) = 35% 


Unfrozen water content of parent material = 0% 


Friction angle of parent material () = 22 
Slope angle (beta) = 12% 
Number of times output is produced (10) = 5 


Trial number two has increased insulation thickness and decreased 
Surcharge load. All other parameters remain constant. 


Insulation thickness (H) 
Depth of surcharge (DEP) 
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The elapsed time, the thaw depth, the number of depth incre- 
ments, the pore pressure-depth increment profile, the pore pressure at 
the thaw front, the effective normal stress at the thaw front, the 
shearing stress at the thaw front and the factor of safety are listed 


in the output. 
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APPENDIX C 


Ry This appendix contains two computer programs that may be 
utilized In computing the amount of solar radiation encountered by 
a sloping surface. It also contains the details for computing the 
amount of radiation reflected from one surface to another. 


Gol Program 1: 


This program computes the length of a shadow cast by a sky 
line obstruction on a sloping surface. Figure C-1 illustrates the 
configuration. The symbols in the figure are defined as: 


Sy = a unit vector along the rays of the sun. 

oy = a unit vector normal to the slope. 

0, = a unit vector along the base line of the obstruction. 

Sy = the length of the shadow measured on the slope along 
the azimuth of the sun. 

P = the length of the shadow measured perpendicular to 
the obstruction on the slope. 

H = height of the obstruction. 


Direction cosines for the sun and the normal to the slope 


are: 
Sun (S,) Slope S) 
x axis} sin Z cos acy -COS a.) sin b 
y axis} -sin Z sin acy sin acy sin b 
z axis| -cos Z cos b 
where ae azimuth of the sun 
os fine azimuth of the normal to the slope 
Z = zenith angle of the sun 
b = zenith angle of the normal to the slope or the 


slope angle measured from the horizontal 
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Let. E be a vector in the plane of the slope along the base 
of the obstruction and, therefore, perpendicular to the unit normal 


of the slope. 


- , . 1/2 
E = {1 + tan” b [cos (ayn - a.7)]} . - - - [C.1] 
where Hee the azimuth of the obstruction 
£ eee 2 
Not nt Men [ 2.0 tan* b cos“ (a Week: ) 
[E (1+c)] eee 
; 1/2 
(1 - cos(a, - asp) ) + sin (Bo. ~ Aap) --- [C.2] 
where c = tan Z tan b[(cos (a., - a. )] - - - [C.3] 


S] SU 


Z = arc cos [cos 6 cos ¢ cos w+ sin 6 sin $] 


where 6 = declination of the sun (degrees) 


> = latitude of the site (degrees ) 


w = hour angle of the sun measured positively to the 
west of the solar noon or negatively to the east 
(degrees ) 


The input parameters for the program are: 


) Declination of the sun in degrees (DECLIN) (F6.2 format) 
) Latitude of the site in degrees (ALAT) (F6.2 format) 

) Height of obstruction in meters (H) (F5.1 format ) 

iv) Azimuth of obstruction in degrees (AOB) (F7.2 format) 

) Azimuth of slope in degrees (ASL) (F7.2 format) 

) Slope angle in degrees (B) (F7.2 format ) 

) Hour angle in degrees (HRANGL) (F7.2 format) 


The listing and a sample of the output are included. 


Cee Program 2: 


This program computes the daily direct beam radiation and 


the total solar daily radiation on a slope. 
average daily direct beam radiation and the 


daily radiation on a S 


It also computes the 
average total solar 


lope for the time. period of interest. 


The expression for the angle between the rays of the sun 
and the normal to the slope: 


cos A = cos 6( 


sin b + cos b cOS W COS 9 


cos a Sin b + Sin $ COS b) 


-cos W Sin ¢ cos a Sin b - Sin WwW Sina 


) + sin & (cos ¢ 
- - - [C.4] 
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6 = declination of the sun 

w = hour angle of sun (measured positively to the west 
of solar noon) 

¢ = latitude of the site 

a = azimuth of a unit normal to the slope 

b = angle of slope to the horizontal 


The input parameters for the program are contained on two cards. 


Card 1: number of cards (N) (110 format) 
Card 2: i) latitude of the site (Alat) (F10.2 format) 
. ii) azimuth of the normal to the slope (Azs1) (F10.2 format) 
iii) slope angle in degrees (Sla) (F10.2 format) 
iv) time to begin calculations; measured from Mar 21 in 
days (T1) (110 format) 
v) final time of calculations in days (T2) (110 format) 
vi) total solar radiation on a horizontal surface at the 
site (QHT) (F10.0 format) 


A sample of the output follows the computer listing. 


C3 Reflected Radiation from Surface 1 to Surface 2 
After Threlkeld 1970 


The following provides a basis for computing the amount of 
radiation diffusely reflected from one surface to another. 


rz Relation of a Small Surface dA, to a Diffusely 
Reflecting Large Surface A, 
(After Threlkeld, 1963). 
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Figure C.2 illustrates a small surface dA. whose plane is 


inclined by an angle @ to a perpendicular position with respect to 
surface A,. The distance between the two surfaces is a. The surface 
Sa rectangular and reflects radiation diffusely. The albedo of 
this Surface is Oty ° The amount of radiation reflected by surface A 


is given by: 


1 


dq = a1 dA, - - - [C.5] 
where dq = the radiation in ly/hr diffusely reflected by dA, 
upon a hemisphere of radius r 
I, = the intensity of solar radiation on surface A, 
Since A, is assumed to be a pure diffuse reflector, 
dq = ore I SPR Aetal 
q rn ; 
where ie is the intensity of reflected radiation along the normal 


to dA, and at a distance r away. 


dr. = | cos 6 


ae 1 COS 8, - - - (C.7] 


where dI_ = the intensity of radiation incident upon dA. due to 
"radiation diffusely reflected by dA, . 
a, 1. dA, cos 6, cos 86 
qi 2 ee Serene (0 
f 7m 
dA, = dx dy 


x/r cos @ - a/r sin QD 
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Integration of equation [C.8] gives 


aaa C b x cos 0 - a sin M)_ dxdy 
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Ne es wap -y- = C.10) 
where Pe ane P Tae ae dx dy <= = EC 
-C b, +y" +a‘) 


The soltuion for F for several special cases is contained in Table C-1. 
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APPENDIX D 


Appendix D contains a computer program for the computation 
of vapor pressures, vapor pressure gradients and temperature gradients 
above the headscarp at the Fort Simpson landslide. Typical: values of 
wet and dry bulb temperatures are included. Some selected values of 
net radiation are also listed in this Appendix. They indicate typical 
hourly intensities during the day and at night for both horizontal and 
sloped surfaces. They are listed in Table D-1. 


D.1 This program computes vapor pressure, vapor pressure gradients 
and temperature gradients. 


The vapor pressure is computed uSing the equations listed in 
lines 18, 19, and 20 of the program. 


The variables in these equations are the wet bulb temper- 
ature (WBT), the dry bulb temperature (DBT), and the barometric pres- 
sure (BP). The steam point temperature (STMPT) = 373.16° K. 


The data cards are assembled in groups of three. The first 
card provides the data at the 1 m level, the second at the 3 m level 
and the third at the 6 m level. The variables on each card are the 
same. 


i) Date (MDATE], MDATE2) (A2,A4 format) 
ii) Time (ITIME 1, ITIME 2) (A4, A3 format) 
iii) Level (L(I) (F6.2 format) 
iv) Dry bulb temperature (DBT( 
v) Wet bulb temperature (WBT) 
vi) Barometric pressure (BP) ( 
vii) Temperature scale (ISCALE) 


I) (F6.2 format) 
(F6.2 format) 

F8.2 format) 
(C or F, A2 format) 


The listing and output are contained in the following pages. 


gid’ out set sen , 


Fave 
38, ete babe i: ! 


" “ou tey | eaeoutoe 
rary: pap i 
nae ‘Teenos ried wm id: 


evr thea ree we iat Salil 4 
' | Ry 


baneHt aie asad aiid, pea besweinas. z. any ee ne 
ta a =a = 


2 cathy 


Heaney itu ‘ta ae y eel doe gzait 
: digi tp F ‘bs Pi as Suseonae 


Tat 


at 


i at ee *9 aauie, at totaigeas aaa 
ee yes jitsu ne “aidstier ott «teva m2: 


6) Bt 7 


309). 


QN3 4€00 
C2 

: 95X97 92 3S XE M7993 KE fPZ9 9S SXESS*° SAIS XT SEW OVS XZ) ov ZV SKXE* ODD LVWYCS SZ €€00 
(2°95 KES ZOD SEXES ZT ODS X77 PFD SK 77 994K $299 4X79 6 HOeDIVWYOS 72 2€00 
z€ 0109 Te00 
ENSLSZIILSTIILSENDAASZIGAN TOGA 97S 9)ALIUM 0€00 
((Z)1-(E 107002 18G-(e )190)=€93L 6200 
(¢T)I-—€290) 2007) ddd- (2)190)=2931 8200 
(0°O-(T)1)/00°% S-(T) 190)=T931L 1200 
CUZII-CE DVIS CUZ dA—(E VdGAD=EIGA °200 
((TII-—02) Td ACO TI dA-— 02 IdGAIV=ZIGA $200 
(O°O-(TITI/S(L°B-CTIGAID=TIAA TE 4200 

SaNsIlQVYO 31NdwWOd 3) 
JANTIINOD O¢€ € 200 
TEDL CEs.03 ot) ir 2200 
(TIdASdOSsGMS (1) s90S(T) DS 2aWI al S TAWI LIS 25a VGW* T320dW (92749) 311M 1200 
‘SVL1s0-3WIldds=(1TVdA 0700 
(.OM— (1 L900 Dad dx( (19M *S TTOO °0 40 °T )*99000°0)=3V1139 é€100 


((C09T%ELZ+L9M) SLAWIS Dx 287S46E0 °8—)dXID HETSTEIO*BS+IN(9T°ELZZ 
+1 EM)/LdWaiS )/ESZSOZT°9Z—) dX AGeeSBT°S7ZO0L—((9T°ELZ4+ 19M) /LdWIS)DOI*T 


BOBZC°S+((9T°ELZ+19M) /LdwiS) #6EBZLET*ST—) dX 53GxOTOZb21S€S6 °L=SWIdd3 S 8To0 
0°000 T=d8 z100 

S$ GiG9 (0°0°3N°d8)4I $T90 

9T°PELE=LAWLS 9E Stoo 

0°6/0° Sx(O°ZE-19M)=19OM +100 

0°6/0°s#e(O°Ze-(1 )L190)=t1 190 € 100 

9€ 0109(9°D03°3IVIST)ST 2T00 

(2v'2° ea *2° ose teu ovis vv ev) ivWwuos EZ 700 

AWISITSdG* GM CIDLGGS CIV VZIWIL IS TAWIL 1 S25iVGw Ta.vGwted *S)avay Lom Golo} 

fo t= 108 JOGrce 6000 


(otQvad b0°XZ2%e2Z0VS9 as *XZSaTvaD Le 'XZ7*,E02 
WUD dAs*XZ*eZOVd9 dAo XZ* oTGWAD dAe*X2%uS5UG dNo*XZ* o°SIUd° Gs XZ soT 


OWIL OMe *XZ%odWal BAe *XESe 15AS TX Ys oSWI Le  X7 se aLVGe X47! oTe)LVWYOS 22 2000 
(12 
IK WK aK Be ak ae ak ae FR ARIK FEI OK OE ER IRE EAR He a ae 6 3K I RR oR AK IK EK RR RE KARR T 
AU ROK aR OR aR ak aka aK ak OK 2K ok FEAR RK o*s o)LVWYOS 2T £900 
(ZT*SVSLIUM 2000 
(Z22°9)3L TUM S000 
1 W348 +7000 
4a e/S WISI $/030/9 Y39NRIINI ; €000 
(OTILEG*S (OTIIS (OTIdA KOTSN3SWIG 2000 
(7-GSH-VISxIVIY LIDI IdWI T000 


SONIGV3H 3SLIUM eaxxd 

8313W/3 930 NI sav °SOVYD °dW3l *xx%x)2 

dd, 3W/OW NI Suv *SGVa9D SaNSS3IYd YOdVA xxxHD 

V3AS7 Y5SL3W 9 GL 13A37 Y3SLSW € WOdd °GVUD dW3AL=E€GVYD 1 xxxxd 

VsA357 YaL3W € Ot 13A31 YSLaW T WOYS °OVEI aWIL=Z0VYD L xexw)d 

13sA 37 y3a3W T OL 3DVSSNS WOUS °AV3D dW3l=TOVYED L xaxxd 

VWAAZ7 yai3dW 9 Oi 13A37 Y3LAW € WIH4 PAVYD SBNSSAYd YIdVA=ECAVAD dA xxxx JZ 
V3A37 YsaawW € OL VW3A3Z7 a5L3W T WOYS °OVYED SYNSSSY0 YIdVA=2OVUD dA eHxxD 
1sA57 Y5a3W T OL JDVSYNS WOUS °AVAS SUNSS5ad YIdDVA=TAVYD dA xexx)D 

: SLN3ZTOVYUSD °dW3L xx¥%)2 

QNV SaN3ZTOVUD 3dNSS3dd YODVASSAYNSSAYd YOAdVA 31NdwWOD Cl WKVWHDOYd xxaxd 


TO0O 39Vd VO/LT/TI véTSl = 35100 NIVW Of2 ASVAIS se eTS ATEAVETYOS 


ig 


F{'s= 


St Sy e850 5K Seg 


et es 


Lees 


+z, 


<= 
No 


*s 
ee 


=] 
3 


eesr 


Ee= 


Ss TPE ts 


— 


%. 
PP. os: 
nd = 


sx 


yates 


= 


eas ie ae 


MERSS SENSES 


| 
* 
it 


ners 


sees" eos 


S: 


a eae ee 


2 
cf es 


bo eee 


PaCpere rep 


saa 


ES 


= 


- ahs == ro 


a 


oe 


iiilee ha tnt ete Se 


oT°0 


Baie 


«0°0 


ee£°O 


EA, 


£T°O 


€0°0O 


2t°o 


Peeters f 3 
€dvad a 


0°0 


TIEO 


oT °0 


32°O 


Te °O 


€s°O 


02 °0 


FE RR 
ZQvd9 2 


77°6 


ce °sT 


9s°sT 


90°eT 


ERS 


4t°2 


3c °TT 


WE EE Oe 
TQvYw9 a 


£0°0 


80°O 


ST°0- 


70°O 


70°O 


80°O. 


20°0- 


EK 2s ee oe 


eavud dA 


23°0 


9Zs0 = 


T0°0 


PUM (0} 


oe°O 


2t°0o 


80°0 


WE a KK 


ZOvd9 aA 


Tes 


6S°e 


MSOs 


T6°E€ 


SC PEMS 


8T°e 


3 2 OK EK 
TaVud dA 


Te*et 


I ~et 


978° %T 
7 aA 


To°et 


00°2T 


EYEE 


6ercr 


99° TT 


OT°2t 


Lo°et 


FO So 
76°2T 


T9°2T 


Vener 
Cheer 


es°et 


DESIG 
tvew 


8e°rtt 


7S °2T 
6S°2t 


97° 2T 


2 oR OK 
S3ud dA 


6S°966 


6S°966 


6S°966 
6$°966 


6S °906 


81 °966 
8T°966 


81°966 


8T° 906 
8T°906 


81°956 


6T°966 
81° 900 


81 °960 


81°966 
81°96 


8T°966 


BT °96E 
&T°900 


81 °966 


81°966 
8T°966 


81° 9606 


ROR AE IK 
*s3ud°S 


68° It 


CE Lt 


68°TT 


CL aut 


COST 
4o° oT 


oo °oT 


EYOTA 
adic 64 


72°02 


SO cic, 
%E°O2 


95°02 


80°6T 
T9°ST 


90°8T 


Lge Ane 
CLOT 


Ler oat 


Lecet 
COLEN 


Lect 


61 Et 
NE 
S2°oT 


RR 
dw31 90 


00° 


oo°T 


00°9 
oo°e 


00°T 


Gyre 
o0°e 


00°T 


00°9 
oo0°Ee 


00°T 


00°9 
00°e 


oo°T 


oo°9 
o00°¢ 


00°T 


00°9 
o0re 
00°T 


00°9 
oo°e 
00°T 


RK EK EK 
V3A31 


07:60 


04:60 


00:40 
00:40 


00:40 


00:97 
CO:9T 


00:97 


00: 4%T 
OO:4T 


OO:%T 


00:2T 
90:2T 


00:2t 


oo:0oT 
00:07 


00:07 


02:80 
02:80 


02:80 


oo: et 
OO:eT 
oo:eT 


RRR 
aWil 


Z2nner 


2e2nnr 


Z2Nnne 
zenner 


2znner 


T?Nnner 
T2NNe 
Tenner 


TZNNe 
TZNNe 


T2aner 


T7NNf 
T2nnr 


TANNe 


TZNNE 
Te2NNF 


T2NOF 


TZANL 
TONNE 


T2NNe 


6TNNr 
6TNNr 
4 TNA 


# 
2190 


31s 


Ce°o 


et°o 


€2°0 


€T°O 


tsi0= 


€0°O 


£0°O 


eT°o 


78 °O 


ae°O 


oc °O 


ccn0 


30°O 


70 °0 


6T°O 


30 °0 


Chey, 


27° El 


9s°cT 


93° 


76°9 


79°s 


(APL) 


Ot Sk 


oc°e 


EC“0'= 


OT*o 


4) C0) 


TO°O0 


TO°0 


90°0= 


T7°0 


02°0 


70°0- 


30°0 


C20 


80°0O 


12°0 


S200 


WEE 


Ohar 


B2°O 


LO = 


Ce 


SB8°t 


69° 


ola 


U4) 6 


SoU 
Scricie 
Loar 


O2°OT 
6T°OT 


o8°é 


O28 
06°8 


86°8 


0s°8 
02°8 


60°8 


o7°el 
60°2T 


28 °TT 


7L°Ot 
Te°OT 
ss°OT 


Serie 


€6°2t 


6€°2t 


7L°el 


65 °96E 


6S °986 
6S°986 


6S°986 


SZ2°€66 
$2 °€ 86 


SZ°E8o 


S2°Es6 
S2° E86 


SZ °€ 86 


SZ°€86 
32 °€86 


S2°EGO 


6€ °€86 
6e*° 56 


6€°E86 


6€ °€86 
6€ E86 


6€°€86 


635°966 


63°966 


6$°965 


65°966 


oo°tt 


SESS 


76°TT 


YEE gE 


VEST E 
yE°OT 


227°6 


9S°6T 
2060 


24 °st 


€0°6T 
€e°st 


9S°LT 


6E°4oT 
00°+T 


OSE 


SZ Tt 
alice 


¥6°TT 


16°0T 
68°OT 


8l°oT 


c6°OT 


€8°OT 


o¥°OT 


eez°?eT 


oo°t 


00°9 
00°E 


oo°t 


00°9 
Oo°%e 


00°T 


o0°9 
00°e 


00°T 


Qo°9 
oo°e 


00°T 


00°9 
00°e 


00°T 


00°9 
oo°e 


00°T 


00°9 


oo0°e 


00°T 


00°9 


09:10 


00:s0 
00:s0 


OO:s 


09:97 
Co:9T 


00:97 


O¢:st 
O¢isT 


C2:st 


02:60 
02:60 


02:60 


00:eT 
00:2T 


00:2T 


Oz:OT 
02 :0T 


02:07 


00:27 


00:27 


0O:2r 


64:6éC 


82nner 


§2nnr 
sznnr 


s2nnr 


Zenner 
27nnr 


2znnr 


zenner 
Zenner 


Zenner 


27nner 
Zenner 


zzanr 


ye2NNE 
47Nne 


senor 


+2nner 
>+2NNE 


+2Nnner 


?7NN 


22nnr 


2e@NNF 


2enner 


ry 


ie 
| Pee 


312s 


70°0- 7E°O 68°6 Ons 0= 66°93 BE°S 


7L°ST 66° 760 27°71 OS*st 20°9 do:et € nf 
s0°9T 66°66 L9* v1 1S*ST oGre co:e" <¢ 1n¢ 
80*%T 66 *706 ZZ°eT 6E%rT 00°T 00:8?  € I9F 
Z0°0- Te °0 Tt°tt SZ°O ue °0 Ov°2 
29°21 66°56 gorel 19°9T 00°9 Ov:st € 40 
se°tt 66% 4900 19°2I 2L°9T 00% Oo:9T € 708 
OT°IT 66° 466 68° TT IT°9T 00° Ov:9T € NF 
¥7°0 €0°0 T9*°O! 02°0- 02°0 T9*T- 
06°9 66° 766 95° 6 11°21 20°9 GO:eT TIF 
67°L 66°66 TE%6 15° ST oore Co:+tT TIN 
7 60% 66°66 00° T9°ST 00°T OO:st TAIN 
T7*0 3Z°O 29% Cue 80°T €2°0 
27°41 59 %4O6 90° ¥T 9 00°9) «= ©cz2tT) Sot ne 
60°TT 66° 460 Os*It 22°*ST 00° oo:zt tft Inf 
€6°S 66° 466 €8°6 19% %T o0°T oo:z2™ tM 
sT°0 ot *0 22%e s0*0- €%°0 S0°€- 
Le°9 ZL* 866 82° L 9C*ET 00°9 Oz2:St  O€Nne 
1s°9 21 °866 LT*%e T9*2T 00°€ o2:st  ceNnr 
S9°S ZL°B0E €e°9 2z7°2T 00°T C2:st enne 
TI°0 LT*°0- 82°s 90°O 27°0 IT°O- 
09% 22°86 82° 82°0T 00°9 Oz:2?  o€ENnr 
€7°6 Z2° 806 00°8 56°6 00°€ Oz:2T  cENne 
63° 21°66 9st gz°oT 00°T oz:z2t oennr 
72° 30 °C- 6€°9 ZT°0 22°0 ZE°€ 
98°21 65°066 i a %6°TT 00°9 00:st  67NNr 
97°2T 5S *006 L9°OT 22°TT 0o°e CO:st  éznNnr 
ZO°2t 6$°066 77° 01 6€°TT 00°T 00:sT  6zNnr 
22°0 9€°0 gL°9 st°0 T7°0 16 °€ 
Le°ET 6$°986 6€°2ZT ET et 00°9 00:20 87anr 


C7 VEL 6S°986 ee° It Os°?T oo°e 00:20 Renner 


yer 
.. ip : 7 aA - 4 


i } ihe tbe Th if 
ate is i e iy 


313. 


ci0 


TT°o0 


6T°O 


02°O 


0°9o 


0°0O 


80°0 


Os °O 


82°O 


7T°0 


32 °O 


«7°0 


du °0 


27° oT 


SSO 


00°9sT 


PENS 


€8°OT 


.9°TT 


es*tt 


sC°O- 


2O0= 


$0°o 


40°0- 


JES (8) 


69°0- 


OTC 


70°0 


S20 = 


91° 0- 


7T°O 


$9°0 


$2°O 


oo0°t 


9S°€ 


st°e 


B7°t 


2c°? 


84°C 


PLN RS, 


ote? 


LISLE 
22°tt 
Somat 


8t°2t 
7€ °?CT 
Jeane 


92°OT 
ec°ot 
38°OT 


20°2T 
06°TT 
8Tt°2t 


TO°eT 
US 
26 °2T 


66°?eT 
6%7°CT 


st°et 


Ciecr 
99°eT 
LT °2t 


60°ST 
yee 


os°2t 


$9°T66 
S5°T66 


$9° Tob 


$9°T66 
$9°T66 


$9°T66 


$9°T66 
s9°Tob 


$9°T66 


$9° Too 
$9°T66 


$9°T66 


ZE°Zoo 
2E°266 


Ze °266 


Z2€° 266 
ZE °Z6b 


cE*ZoO6 


Z2E °266 
2€°236 


ZE°266 


66°%4766 
66 °766 


66°766 


76° el 
68°2T 


8L°2T 


eat 
90° 9T 


76°ET 


Cet 
TT°9t 
€0° vf 


82° aT 
9S° ot 


Os*4T 


BEN 
TT®9T 


€8°et 


oe el 
977° ST 


77 ek 


7o°ET 
19° el 


62°2t 


Tl° st 
76°9T 


iret 


€8°2t 
Loe 


9>°LT 


00°02 
T9°6T 


9>°6T 


Lee 
Pio 
OUSac 


68° T2 
9S°T2 


00°T? 


cOeow 
4>° ST 


ETS T 


Ase at 
£E°oT 


€8°ST 


00 °sT 
00°sT 


L9°9T 


Ceaell 
22°s8t 


LOO 


00°9 
00° 


00°T 


00°9 
00°e 
00°T 


00°9 
00° 
00°T 


00°9 
00°E 


00°T 


00°9 
oo°e 


oo0°t 


00°9 
oo°e 


OO°T 


00°9 
o0°e 
00°T 


00°9 
00°€e 
00°T 


cCoO:6T 
00:6T 


00:67 


OOzaT 
OO:LT 


oO:LT 


cO:sT 
O0:sT 
0O:sT 


O2:eT 
OZ2ET 


Oz:eT 


co:eT 
OO:¢cT 


oo:eT 


00:27 
CO:eT 
CO:¢T 


O2:1” 
OZ: TT 
O2:Tr 


C2267 
02 267 


Cz:er 


uw 


- 


ane 
ner 


ane 


wer 
Tr 


ane 


we 
ant 


tar 


we 
TL 


ane 


miele 
mialy 


miele 


ane 
miele 


ant 


we 
ant 


ane 


ane 
ane 
snr 


$*72 


4 bs 


tee! 
‘ » 
ne? 


iu: ee 


Tt 


re = 


iF 


=ds*35¢ 


ess — a 
te? 


a 
wets. 


coon ee 2 


a 


sale 


seies3 Tae 


ate 


ibs 


314. 


sT°O 


90°0 


20°0O 


20°O 


20°O 


20°0 


sT°0 


40°O 


S250 


SemO 


Te °O 


PEAS} 


7T°O 


32°0 


70°0O 


80 °0 


Comet 


68° 8ST 


of °ST 


Cae 


CASO FE AG 


Os*d 


77°2T 


20°C 60°O 
90°0 40°0- 
so*c MISE) 
LOFC 70°0 
T¥°0 3T°O 
z0°0 00°0 
OtL0= T0°0 
ono = 70°0 


Sita 


s¥°2 


99° 


os °c 


cere 


$8 °? 


$6°2 


6S°* IT 


O6°TT 


eg 4h 
TOME 


s8°rt 


6T° It 
OO°TT 


ST°tt 


S6°TT 
O8° TT 


90°TT 


927°2l 
Gecet 
9T°2t 


Te°?et 
6s° TT 
62 °TT 


80° Tt 
£O°TT 
cO°tt 


72°tt 
9s° TT 


ss°tt 


2S° L486 


23 °Lb6 


23 °L86 
2S °Lb6 


2S°L386 


2S°l80 
Z7S°L186 


2S °L86 


2S°L86 
7S°LB6 


2S°286 


ZS°L86 
2s°l86 


7S°2186 


23 °L86 
2S°L36 


2S°L86 


s9°TS6 
$9 °To6 


$9°T66 


$9°T66 
S9°T66 


S9°T66 


Os°6T 


BL°LT 


CY EAGKA 
CESe¢, 


(A aar4 


ALN TA 
95° oZ 


68 °E2 


CamGic 
00°S2 


Geo a7 


€8°?2 
9S°22 
Cee’, 


22°22 
0S°22 
(A RACS 


90°ET 
oo°eT 
os°2t 


o>°oT 
00°*T 
68°eT 


Oo°E 


O0°T 


00°9 
00° 


oo°T 


00°9 
oo°Ee 


00°T 


00°9 
00°E 
oo°T 


00°9 
Oo°e 
00°T 


00°9 
o0°e 
00°T 


00°9 


00° 
00°t 


00°9 
oo°e 
0O°T 


00: 97: 


00:42 


00:22 
00:27 


00:22 


CO:02 
00:07 


00:07 


00:67 
C367 
00: 8T 


00:9T 
Co:9T 


cO:97 


O22 4T 
O2svT 


O2:oT 


00:92 
00:42 


00:42 


O0:T? 
00: T2 
00:17 


ortnr 


ctine 


s nr 
¢ Int 


° 
aot 
t 
Sh 
t= 
5 1 
t 
if 
; oe by 
a/b pe ty 
», ae 
ares 
Madod 


feae 3tte3 


#86 =o e8e89 


>_< 
32 
$88 
fore 


artes) 
eaaras 
as 


he 


ae 


c. 
ee 


ae 


SiO 


SH De 


0°O 


90°O 


EMO 


LASS) 


92°0 


23°0 


97°0 


80°0 


32°O 


80 °O 


93°0 


93 °O 


90 °T 


73°0 


797° LT 


9S °ST 


FAIRE 


Lt*oT 


22 °6 


70°O0T 


€8°6 


b.°?eT 


s0°0- 


0°O 


€0°0 


70°0- 


TOSC= 


50°C- 


sue 


70°0 


60°O 


9T°0 


L0%0= 


92°0 


90°0- 


£0°O 


30°0 


SiO = 


67° 


Lia? 


TSicy 


18°2 


4L°e 


O2°e 


Ee 


Come 
Beet 


6T°2T 


BT °el 
Baer 


L8°2t 


PAS 
Le°et 


Ts°eT 


si°et 
Be°et 


SETCT 


se°tt 
6€ °TT 


s°Tt 


Ee att 
CSack 


EPO 


2e°it 


7S UT 


79° TT 


O2SE 


$0°066 


$0 °056 
$0° 066 


SO °O06 


$0°066 
$0 °006 


S0° 066 


$0°066 
s0°066 


S0°066 


$0 °066 
S0°056 


$0°066 


$0°006 
S0°066 


$0 °066 


$0 °066 
$0°066 


$0°066 
$0° 066 
$0°006 


s0°066 


2S °L36 


905ST 


82°sT 
Z2° st 


90°ST 


WIS 
TT*st 


cL° oT 


b&b °el 
Clase 


POSS 


ce et 
82°eT 


68° 2T 


90%2T 
476° TT 


9s°*tt 


Seccr 
ET et 


LIS 


Comet 


Os*et 


9S°TT 


(ayers 


(SAAS 


68°02 


oo°t 


00°9 
00°E 


o0°t 


o0°9 
00°: 


OO°T 


00°9 
00°e 


00°T 


00°9 
00° 


oo°T 


00°9 
oo°e 


00°T 


00°9 
00°e 


oo°T 
03°9 
oo°e 


00°T 


00°93 


CO:9T 


00 247 


TTIW 


Tr Ine 
TTIW 


TrIAr 


Tr1ar 
yra9r 


TTI 


trier 
TTI 


Trane 


Trine 
Trawe 


TTING 


Trin¢ 
trainer 


TrII9 


TTF 
Trane 


Traar 


Tre 


Traner 


Trt¢r 


erinr 


i 


oe « ace 
Ye 


hh ae 


; 


‘ 4 

os =), Pal 
7 ut HW 

WT or 


ti 


< 
i 


a 


‘i 


a) 


SH ie) 


S00 = Sieno) 


90°90 0°0 
ZOn0= £0 °0 
20°0 TT°O 
70°O 4T°O 
€T°Oo 82°0 
20°0 90°0 
40°0 79°0 


OO°TT 


ce°s 


99° 


ces 


68 °8 


ce°s 


0s °3 


Caen 


TLC 


SRC= 


B10, 


s0°O 


60°O 


BS eS 


sT°0- 


Cl s0= 


SU) 


20°0 


40°0- 


00°0- 


OT°O- 


61°? 


22°O 


68° 


IEG 


06 °€ 


LSS? 


T2°e 


os°2 


99°E 


el°2oot 
22 °200T 


f2°cO0T 


2z°200T 
eL°20ct 


22 °Z00T 


ZT °€66 
eT °t66 


2T°€06 


cT*€66 
eT °€66 
ZT °€06 


21° E06 
2T° £66 


21° €66 


2T°€66 
2T°€66 


eT °€66 


ZT °€66 
21°06 


cT°€66 


$0° 066 


$0 °066 


8l°?eT 
82°?er 


SLICE 


Os*2t 
Comet 


SOscl 


Le THe 
B2°TT 


ESET 


76°TT 
ES 


PU 


oe° tt 
se°tt 


TT°tt 


OL 
cert 


ECOG 


Sica 
T9°¢l 


€8°OT 


T9° sT 


wi°st 


Comom 
6E°9T 


00°9T 


Os °eT 
Coney 


RIAN 


9S° ET 
THSET 


AIAG 


EISE T 
SSE, 


ese 


CE°oT 
feo°ut 


627 ET 


82° oT 
68°et 


SlSet 


€8°eT 
TOME 


Os°eT 


Chace 


Os°Ee2 


00°9 
oo°e 


00°T 


00°9 
oo°e 
oo0°t 


00°9 
00°€ 


0o°T 


00°9 
oo°e 
oo°T 


00°9 
00° 


00°T 


00°9 
oo0°e 


00°T 


00°9 
00°e 


oo°Tt 


00°9 


oo°Ee 


0O0:e¢T 
o0:2T 


GO:¢T 


02:60 
02:60 
CzZ:ec 


00:87 
00:8T 


00:eT 


00:9T 
00:57 
00:97 


00:57 
00:97 


COzaT 


O0:eT 
oo0:2T 


00:27 


00:ct 
00:0T 
co:cT 


CO:9T 


co:97 


eran¢ 
etine 


eaten 


Shank 
SLAIN 


etinr 


?TqIAr 
?T INE 


Ca malay 


7T1ne 
2T Ne 


Cunt 


rmalaly 
7T Ine 


etine 


2tq9¢r 
2T1n¢e 


2T1n¢e 


PT Ane 
aTtaner 


2T1Ne 


BAG 


TrINe 


iste 
cae 


ya om] 
* 


a 


70 °O 


CAW ie 


CE (0) 


«0°O 


61°O 


20° O- 


of °O 


TT°O 


ce °O 


29°0 


of °O 


82°O0 


32°O 


Ara (AY 


T9Oe9T 


EV 


9S °OT 


cc° vt 


90°2T 


TotO-— 


Rat O= 


Asie Ore 


92°0- 


SOn0 = 


so°o- 


€T°o 


© 0350'= 


s0°O 


TT°O 


sT°O 


oTt°o 


9¥°e 


S7°0 


90°0- 


Beri 


6T°* 


£€8°0O 


TO°?2 


60°6 


€2°8 
92° 


79°83 


€2°6 
€0°OT 


26 °6 


T6°2T 
oT°et 


6e8°eT 


99°6 
€8°6 


€S°6 


Reon 
T6°0T 
TL°OT 


S¥°866 
S7° 866 


S¥7°866 


37° 866 
$7 °860 


S%7°866 


sO°2OoT 
s0° 200T 
SO *200T 


sO°zoot 
s0°200T 


so0°2zoot 


so°zootT 
so°zoot 
$0°202T 


sO°zootT 
so°zootT 


s0°zooT 


22°200T 
22°200T 


2L°200T 


22 °200T 
22°Z00l 
2L°200T 


LEST 
6e° et 


oo°eT 


90° 2T 
COBEL 


00°eT 


o€* et 
SCTET 


CCmel 


82°2T 
oo°el 


Lge 


Bact 
90° eT 


TIMOR 


ee°et 
22 °eT 


BL° eT 


Ze°etl 
79°21 


22°et 


T9°2T 
Gere 
90°2T 


6E°LT 
68°9T 


T9°ST 


82°sT 
LT°sT 


SLexT 


(KAI BA 
die PRA 
Cae 


Os*¢2 
Sige 


TIS 


00°T2 
0S°02 


LT°&T 


68°9T 
EST 


9s°sT 


ce-0d 
BL°6T 


22 °6T 


Os°2T 
9S°LT 
90°LT 


00°9 
o0°E 
0o°T 


00°9 
oo°Ee 


00°T 


00°9 
00°E 


00°T 


00°9 
o0°e 


00°T 


00°9 
00°e 
00°t 


00°9 
00°t 


00°T 


00°9 


oo°e 
00°T 


00°9 
00°¢ 
oo°T 


00:2T 
00:2T 


O0:2T 


02:69 
02:60 


62:60 


00:07 
00:07 


CO:C2 


00:8T 
OO:8T 


co: eT 


00: %T 
00:47 


OO z4T 


Oz:cT 
02:07 


O2:0T 


90:9T 
CO:9T 
00:9T 


O0:4T 
00:4T 


OO:4T 


stinr 
stin¢e 


etter 


stir 
stiner 


stinr 


4t nr 
atin 


4T tne 


4TINe 
+T1n¢ 


stn 


Taner 
4tine 


TINS 


$T1n¢ 
4TInr 


$Tiner 


€tonr 
etd 


€TIne 


etter 
etiner 
etter 


318s 


70° 0 


72 ~0 


191fe@) 


€e°O 


82°0 


oT°O 


ot°o 


zTt°O 


3z°O 


zo °0 


ot°d 


«7°0 


6T°O 


82 °O 


93°0 


79°0 


66°OT 


USE 


Chov7t 


USS 7 


68 °eT 


o7° El 


T9°OT 


CC 


bics0= 


ZO50= 


ce 20— 


Sit0= 


90°0- 


00°0- 


70°0 


BileOr 


£05 0= 


02°0 


SiO = 


Be°o 


7070= 


Or 


eSare 


MSierd 


€0 °? 


COE 


BE °Y 


esc 


39°? 


cs 


20 °OT 
78°6 


78 °OT 
78° OT 


TEST 


09°0T 
s7°It 


Sica 


68°OT 
GAAS Tht 


SELON 


Ue 196 
80°2T 


cewe 


s9° eT 
Theet 


g0°ET 


28 °2T 
oo°eT 


ITS | 


oe°et 
Reset 


8e°el 


6T*0b6 


6T°056 


6T*000 
6T°056 


6T°066 


S7°866 
$7 °806 


S7°86o 


S%°866 
S¥° 806 


$7°866 


S4¥°866 
S%°866 


S%°866 


S7°866 
S7° 866 


S¥°866 


S¥7°866 
S¥°856 


S7° 866 


S¥°866 
$7°866 


S¥°866 


uc°OT 


S85) 


CAE 
risehe 1EI I 


FECT 


9s°21 
&.°2T 


JORGE 


CLSEL 
CLC 


ESL 


Geert 
GES 


TT vt 


CEST 
29° aT 


Os*bt 


OS® 7T 
Cta7t 


Chea 


Cm 7U 
UEP 


22° oT 


£O°#T 


BZA Se 


IGT: 
OOo 


9>°st 


94° ST 
CLT 


Ea°ST 


68°02 
95°02 


LT°02 


ESA 
19°02 


CETON 


€8°02 
00°02 


19°6T 


00°02 
44°6T 


6R°st 


98°6T 
9S°6T 


44 °ST 


oOo°Ee 


00°T 


00°93 
00°Ee 


O0°T 


00°9 
oo°e 
00°T 


00°9 
OO°E 
00°T 


00°9 
00% 


00°T 


00°9 
oo°e 


00°T 


00°9 
o0°e 


00°T 


00°9 
oo°e 


00 °T 


COr*C 


CO:%9 


sTINne 


stir 


97 4ne 
stqne 


sTine 


sTI9¢ 
starr 


stunner 


erane 
stanr 


etd 


stint 
st Ine 


stiner 


st Ine 
stTine 


stane 


stine 
stqner 


stane 


stinr 
stin¢r 


stunr 


er = 
a 
23°35 


2 


a 7 = 
ene 


ai 


1 
a5 i 
nee 


319; 


6T°0 


72-0 


«0°O 


z0°0o 


6T°O 


=0:°0 


30°O 


22 °O 


0s°0 


es °0 


3c°O 


3st °O 


zt°0 


££ °O 


3t°O 


vVAcper Al ' LeEnO= 
Are INE iSO = 
0s°9T so0°0o- 
68°4T Os 0= 
Os °eT  6tt0- 
77°8 70°0+ 
IGE) 0°0 

€e°s COc0= 


2e°O0 


90°O 


LOO} 


40°0 


0€°O 


CCc0= 


OT°O 


69° 


19°0 


Sien0) 


See2 


LOST 


Ticacal 


BPG 


ikaw 


Wea 


T6°TT 
20 °€T 


6e°et 


€v°6 


L£9° OT 
80°TT 


s6°Oot 


88 °6 
77° OT 


ze°ort 


T¥° OT 
zs°OT 


T6°6 


69°OT 


69° OT 


eT°tt 


€6°6 


61T°066 


6T° 066 
6T°006 


61T°066 


61T°056 
6T° 066 


6T*0o05 


61°066 
6T°006 


61° 066 


6T°066 
€T° 066 


6T °066 


6T°066 
6T°066 


61° 006 


6T°066 
6T°066 
6T°066 


6T°066 


6T°066 


61T°066 


6T°066 


90° eT 


ce- et 
ELSE 


Gomer 


ee°et 


Sse° et 


gc°et 


CiCmeL 


CCme ba: 


€b° 2T 


ASS 
ia 


ee°et 


Z2° 2 
ee°2t 


00° 2T 


Os°OT 
os° OT 


70°6 


Zi°S 


cL °S 


Cilio 


&2°OT 


46°ST 


o>°ST 
6e°ltT 


ONG 


6°E ¢. 
PACES ECG 


Ci Cie, 


8l°22 
Scie 


Os*t2 


Lo SO? 
6€°02 


68°6T 


RL°ST 
6T°st 


9S°2T 


46°CT 
el°Eet 


by ET 


BLeTt 


BL°TT 


UtiSatat 


LIEV 


oo°T 


00°9 
oo°e 


00°T 


00°9 
00°E 


0o°T 


00°9 
00°e 


00°T 


00°9 
o0o°¢ 


oc*T 


00°9 
00° 


0o°T 


00°9 
oo°e 
00°T 


00°9 
00°Ee 


oo°T 


00°9 


00:02 


O72:8T 
C2: 6T 


O¢:8T 


00:9T 
00:9T 


O0:S7 


00: 4T 
00247 


CO:4T 


OO:2T 
00:27 


O0:cT 


co:cT 
00:0T 


co:0f 


C0:80 
00:80 


00:80 


00:90 


00:90 


00:90 


00240 


stinr 


stir 
stir 


9t1nf 


stq1nr 
9TINe 


stint 


stint 
oT 1ne 


9tinar 


9tinr 
sTanr 


staine 


Stine 
9T Int 


sr ane 


9tin¢r 
‘sTti1ne 


stirrer 


sTine 


9Ttaner 


stin¢e 


oT INF 


ay ae Baan iy . Pp rey yeter 


Fi) 


co | me 


eae 
a ee 
Wte 

as 


é 


a 
Ge 
es 
fsa #tte 


rm 
tad 


320. 


70°O 


40°C 


c0°u 


S0i0'= 


390°O 


70°0 


40°O 


79°C 


(ae AE 


o°0 


27°0 


Te°c 


71 °O 


82°0 


9E °C 


g0°ET 


Cene 


(RS 07 


29°38 


T9°8 


6£°6 


76 °OT 


SO 


CHO Oh 


20) ah 


40°0 


To°0 


62 °0 


90 50= 


CO sO = 


EES 


oc’? 


72°O 


80°O 


0c *0= 


30°0- 


10:<0'= 


¥E°S 


$S°0 


OS °s 


TO"s 


09°4 


82°47 


20°s 


icy: 


LESSEE 
2s°el 


70 °4T 


o9°eT 
¥B°CT 


972°6 


SiS 7ic 
EAL 


02 °vt 


90° ¥T 
88°eT 


T2set 


Conc 


6B°?T 


Oe°ET 


BT °ot 


OEret 


87°ET 


16°€T 
9T°oT 


2e°et 


€0°ET 
60°eT 


26 *€60 
26°€56 


26°€66 


26° €56 
26 °€66 


26°E00 


26 °€65 
26° €60 


26 °€65 


26°66 
26 °€ 66 


26° E06 


26° C06 
26°C 66 


26 °€06 


61 °066 
61T°006 


6T° 066 


61T°066 
6T °066 


6T°006 


6T°006 


6T°066 


77° 71 
249° v1 


947° 71 


Serer 


cover 
ce er 


ve son 
€€°6Tt 


SOSeiL 


68°ST 
LSS 


Seer 


4% °9T 
6E°9T 


6E°9T 


CCL 
OS °*4T 


ESET 


EVEN 
Cert 


ES ear 


90° FT 
68°eT 


US ear 


90°ST 
6° 4T 


MEAS 


68°9T 
4£9°9T 


00°9 
00°e 


oo°T 


00°9 
O0°e 


00°T 


00°9 
oo°E 


00°T 


00°9 
oo°e 


00°T 


00°9 
o0°e 


00°T 


00°9 
00° 


oo°T 


00°9 
o0°¢e 


00°T 


00°9 
00°E 


CO:6T 
cO:&T 


00:6T 


00:97 
00:ST 


00:9T 


00:2T 
O0:2¢T 


00:2T 


0O0:CT 
CO:0% 


09:CT 


00:10 
00:20 


00:20 


00:47 
00:47 


00:42 


03:22 
00:22 
00:22 


00:¢? 
00:02 


ZTIN¢ 
ri lale 


2770 


EVI 
miele 


2T ING 


ztt0¢ 
zra0Ar 


Zto0r 


zt1n¢e 
zt1n¢r 


z1ine 


re Gal aly 
211ne 


ztane 


Stine 
9tTiner 


97 7nr 


gtr 
stinr 


stant 


stqner 
stiner 


Time, 


a iy 
7 iN vite : 


if 


: ma } uy 


q | 


Cea 


TABLE D-1 


RADIATION DATA JUNE 21/74 (LY/HR) 
(FORT SIMPSON TEST SITE) 


TIME 

(HOURS) STA 1 Site, 6th STA = sinus STA 6 
1:00 0.9 1.0 ae 0.4 2280 0.1 
2:00 1.5 1.8 3.6 Lal ee 2 
3:00 127 1.9 3.9 1.4 -0.6 : 
4:00 0.9 he 5.8 0.6 Oil : 
5:00 -0.4 : 2.5 0.9 a309 0.9 
6:00 0.6 1.2 4.6 4.5 -2.0 3.6 
7:00 7 3.1 10.2 13.3 BIRT 9.3 
8:00 218 6.0 11.6 15.3 5.7 11.8 
9:00 2.5 5.0 14.3 36.1 21.2 25.6 
10:00 3.3 7.6 21.2 46.1 37.1 39.4 
11:00 6.6 7.3 16.6 31.2 43.8 45.0 
12:00 5.4 10.6 14.0 17.6 53.7 55.3 
13:00 17.4 9.1 11.3 38.1 56.0 59.2 
14:00 18.6 9.9 12.5 52.7 58.0 62.4 
15:00 28.5 5.9 12.1 43.6 58.4 62.0 
16:00 20.0 10.1 11.1 31.3 55.6 58.5 
17:00 20.5 7.0 5.1 lite? 34.6 36.3 
18:00 14.3 13.7 13.9 9.2 35.7 38.5 
19:00 28.6 18.8 17.2 8.8 24.7 2.2 
20:00 ou Ah 16.0 15.9 6.9 16.7 18.6 
2007 "38.2 26.1 2201 4.3 18.3 21.6 
22:00 18.5 26.3 25.2 4.5 7.8 13.8 
23:00 19.5 19.5 17.6 1.5 eM 6.0 
24:00 3.5 5.1 7.9 - -5.4 1.0 
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TABLE D-1 (CONTINUED) 


RADIATION DATA JULY 11/74 (Ly/Hr) 
(FORT SIMPSON TEST SITE) 


(HOURS) STA 1 Sihaz) = STARS) «= SARAH SARS STA 6 
1:00 0.9 -0.6 12 =521 1.9 
2:00 V4 z =0e7 1.0 -4.8 1.9 
3:00 1.5 0.2 -0.5 Lee =4.3 1.9 
4:00 24 0.8 =0a2 1.6 =Bh7 1.9 
5:00 | 0.7 -0.4 2.0 =319 2.3 
6:00 2.9 1.6 0.7 73 ie: 5.1 
7:00 3.4 2.6 2.0 15.6 20 122 
8:00 4.3 4.1 4.0 10.0 2.8 10.3 
9:00 5.5 5.2 8.1 19.1 17 18.7 
10:00 7.4 7.6 12.1 24.0 19.2 26.4 
11:00 7.6 7.1 18.6 30.9 38.0 44.5 
12:00 ane 6.6 16.2 23.8 44.0 52.0 
13:00 13.3 11.5 16.1 29.8 46.0 55.6 
14:00 15.3 12.0 29.0 3312 49.9 59.3 
15:00 14.6 10.5 29.6 24.4 38.0 47.4 
16:00 A 9.9 53.2 17.9 45.0 54.1 
17:00 8.2 4.4 10.8 4.4 2.2 4.7 
18:00 15.0 14.0 20.3 11.4 16.3 22.3 
19:00 18.6. 15.5 18.1 11.5 13.5 19.4 
20:00 vg OY, 25.7 8.2 17.9 24.1 
21:00 41.5 30.0 29.2 8.1 17.8 24.1 
22:00 19.8 16.4 iba G5 Hb 12.4 
23:00 10.3 9.7 4.7 a7 Bi 5.4 
24:00 8.8 8.5 me] 1.9 -3.6 3.0 
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TABLE D-1 (CONTINUED) 


RADIATION DATA JULY 19/74 
(FORT SIMPSON TEST SITE) 
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‘RS STA 1 STA 2 STA 3 STA 4 STA 5 STA 6 
1:00 = 1he6 0.8 0.3 age ay se 
2:00 a8 A} 0 -0.3 ee S602 9 
3:00 Ses my -0.6 an -6.2 1.9 
4:00 “180 Ae Ory 0 651 2.0 
5:00 -1.6 -0.9 -0.6 =. -5.6 2 
6:00 “0:1 1.1 ie 3.5 a2 4.8 
7:00 1.9 Bu2 4.0 4.4 “107 6.0 
8:00 4.5 6.1 7.4 8.5 4.1 10.2 
9:00 6.5 9.2 11.9 39.2 40.6 31.6 
10:00 4.5 6.0 7a) 27.2 19.9 19.2 
11:00 a7 4.7 5.3 54.3 40.3 47.2 
12:00 5.5 4.8 5.8 ae 45.4 54.0 
13:00 6.3 4.9 6.0 41.5 47.9 60.9 
14:00 18.3 5.6 6.7 45.7 49.7 62.3 
15:00 26.5 6.0 7.0 24.0 49.6 62.4 
16:00 7.5 6.0 6.6 12.5 46.5 59.8 
17:00 24.1 8.0 8.6 13.3 37.9 50.2 
18:00 28.7 13.6 10.8 5.7 19.9 29.9 
19:00 22.3 13.2 10.8 4.4 9.7 18.8 
20:00 18.9 15.6 14.1 1% 8.9 14.5 
21:00 8.2 8.5 9.4 5.9 2.5 8.6 
22:00 6.7 5.0 8.7 5.6 Hee 5.6 
23:00 Dey 3.4 4.2 253 ig 4.] 
24:00 1.4 22 ‘ied 2.0 =e, aan 
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